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Glossary of Terms

ASHPAIr-SourceHeat Pump.
BTU or BtuBritish thermal unit. 1 BTU = 1,055 josile
Biomethane:Methane produced from organic matter, through anaerodligestion or gasification.

Bundled customersCustomers who receive both energy supply and delivery serftioas their local
natural gas distribution utility

CAGRCompoundAnnual Growth Rate.
ccASHPColdClimate AirSource Heat Pump.

CCsSCarbonCapture andorage.A process thatapturescarbon dioxidébefore it enters the atmosphere
andstores it for long periods of time.

CDD®oolingDegreeDay(s) A measurement designed to quantify the demanddoergy needed to cool
buildings, based on the number of days and number of degrees where the temperature is above 65
degrees Fahrenheit.

CQ: Carbon dioxide.

Consultants E3 and ScottMadden

COPCoefficient ofPerformance Ameasure of efficiencfor a heating or cooling appliance
CNGCompressedNatural Gas.

Decarbonization Pathway€Economywide transformations that result in emissions reductions over, time
involving replacing endse appliances with higbfficiency models, electrifying end uses, employing
efficiency measures, and decarbonizing fuel and electric suppliggs suchpathwayswere developed

by the Consultantfor Massachusettsll of whichachievethe same economyvide climate goals, i.e90%
gross GHG reductions and rero GHGsy 2050 compared to 1990 levélas well as interim statutory
emissions reduction goatf 50% by 2030 and 75% by 2¢40

ERM: Environmental ResourseManagement.Consultantscontracted by the LDCs to facilitate the
stakeholder process.

Dunkelflaute:Multi-day geriods with sustained low generation from weath@ependent renewables
D.P.U. oiDepartment: Massachusetts Department of Public Utilities

D.P.U. 2680: Docket Numbereferring to the investigation by the Department of Pghlitilities on the
role of local gas distribution companies as the Commonwealth achieves its 2050 climate goals.

1 Consistent with the 2050 Roadmap, remaining emissions in 2050 are assumed to be netted off by carbon sinks to achieveutalitprpy
2050.

2] KILJWGASNI y 27F An& Creafing & Nef@nerationsiRmatimap for Massachusetts Climate Folicy
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https://malegislature.gov/Laws/SessionLaws/Acts/2021/Chapter8

E3: Energy and Environmental Economics, l8onsultants contracted by the LDCs toeistigate
decarbonization pathways and the role of gas LDCs.

EIA:The U.S. Energy Information Administration.

ELCCEffectiveLoad CarryingCapability. Ametric used in electric system planning to assess the capacity
value (reliability contribution) of a resource.

EJEnvironmentalustice

Embedded gas system cosiEhe original costsf installedutility plant (physical gas systemsset$on the
Massachsetts gas distribution systertess accumulated depreciation. Embedded gas system costs
AffdzZAGNY SR Ay GKAA NBLRNILG NBFSNI G2 GKS [5/7aQ |33

Energy efficiencyEnergy saving measures thisstudy,energy efficiency is a foundationedbmponent
of all decarbonizatiopathwaysand includebuilding shell efficiencynprovementsglectrificatiory in-kind,
high-efficiency replacementsaind industrial manufacturing efficiency.

EV:ElectricVehicle.

FERCFederal Energy Regulatory Commission. An independent agency that regulates the interstate
transmission of electricity, natural gas, and oil.

GHGGreenhousezas.

GSEPGas System Enhancement Plans. The Gas Leaks Act passed in 2014 permitted gawlistributi
companies in Massachusetts to submit annual Gas System Enhancement Programs for replacement of
aged infrastructure during the following calendar yéar.

GSHPGroundSourceHeat Pump.
GSPGrossIate Product. Gross domestic product of a state.
GW:Gigawatt One gigawatts equal to one billiofl x 10°) watts.

GWP:Global Warming Potentialleasures the amount of heat a gas absorbs over a given period of time,
relative to the heat that would be absorbed by the same mass of carbon dioxide.

HDD:Heating degree day(sh measurement designed to quantify the demand for energy needed to heat
buildings, based on the number of days and number of degrees where the temperature is below 65
degrees Fahrenheit.

Hybrid heat pump:An air-sourceheat pump that is paired witha gasfurnaceor fuel oilbackup. The
backupcan be powered byenewablefuels.

Hybrid electrification: Electrification strategy that combines electric heat pumps with a gas-bpdkr
space heating.

H.: Hydrogen gas.

3 Seehttps://www.mass.gov/lists/gseppursuantto-2014gasleaksact
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https://www.mass.gov/lists/gseps-pursuant-to-2014-gas-leaks-act

Interim 2030 CECHnterim Clean Energy and Climate Pfan 2030developed by theMassachusetts
Executive Office of Energy and Environmental Affestsased in December 2020

ISCNE:The Independent System Operator of New Englatud independent organization that oversees
GKS 2LISNIGA2Y 2F DbSg 9yaf | lyRQAY Adadaf SNA S fGKEBI NRIOI ALZ2y
wholesale electricity markets, and manages the regional power system planning process.

Large energy useCustomers that purchase large volumes of natural gas, including large commercial and
industrial customers. The®@dzd G 2 YSNE | NB dza dzl  f that uilRSahlDCsSdliBery2 v & ¢
servicebut procure natural gaseparately

LDCsThe five Massachusetts gas local distribution compaiiies Berkshire Gas Compdgtigerkshire")
NSTAR Gas Company and Eveso@as Company & 9 @ S NALbetrNIDiBieg®dew England Natural
Gas Company) Compldbertyé ,iBoston Gas Compandydational Grid ,iand Fitchburg Gas & Electric Light
Companyo Wnitilé .0

LNG LiguefiedNatural Gas.

Longterm capacitycontracts:Apipeline or storageontractthat provides firm capacity rightsver a long
period of time.

kWh: Kilowatthour. 1 kWh = 3.6 x #(bules

MassSave:An initiative in Massachusetts designed poovide services, incentives, trainings, and
information promoting energy efficiency that help residents and businesses manage energy use and
related costsThe initiative is a partnership between tMassachusetts Department of Energy Resources

FYR LINPINIY alLRyazNaX AyOfdzRAYy3 alaal OKdzaSidaQ ylI
providers.

Migrating or nor-migrating customers: Gascustomers that adopty a YA ANJ (G A y Br dOded G 2 Y S NA
adopto & Y2AA NI G A y I aGedziibimizatios BRnblogy Migrating customers do not necessarily
depart from the gas system under this definition.

Networked geothermal:Asharedsystem of grounegsource heat pumpthat delivers heanhgand cooling
through a network of pipes.

O&M: Operations andMaintenance

PRM: Planning Reserve Margin A metric used in electric system planning to enstivat there are
adequate resources to meet forecasted load over time.

Retail choiceCustomer choice program that gives customers the opfich ¢ dzy' 6 dzy Rf S¢ G KSA NJ
service andourcha® natural gas from a natural gas supplier/marketer that is different from the local
natural gas utility.

Renewable fuelsUmbrella term referring teenewably producedlternatives to fossil fuels. This includes
renewable gases in thaistribution system, as well asnewable fuels in the transportation sector.

4 Seehttps://www.mass.gov/infedetails/massachusettsleanenergyand-climate-planfor-2025and-2030
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https://www.mass.gov/info-details/massachusetts-clean-energy-and-climate-plan-for-2025-and-2030

Renewable gasUmbrella term referring taenewably producedilternatives to natural gas that can be
blended into the distribution pipelingystem. Renewable gasexlude biomethaneproducedthrough
anaerobic digestion or gasificatiorenewable hydrogen an8ynthetic Natural Gas(SNG) produced from
renewable hydrogemnd a climateneutral source of carban

Renewable hydrogenHydrogen produced from electrolysis powered by renewable energy.

Roadmap:TheMassachusett2050 Decarbonization Roadmap study developed by the Executive Office
of Energy and Environmental Affaite explore strategies to reduce emissions and achieve the

I 2YY2y6SIfGiKQE OtAYIGS 3J21 &

ScottMadden ScottMadden, IncConsultants contracted by theDCs to investigate decarbonization
pathways and the role of gas LDCs.

SEPStakeholdelEhgagementlan developed by the LDCs and stakeholders in the D.P:80200cess

SNG:SyntheticNatural Gas. In this study, synthetic natural gas refers to methane that is chemically
synthesized frontenewablehydrogen anda climateneutral source otarbon dioxidefrom biomass or
Direct Air Capture

Therm:Unit of heat energy. 1 therm = 100,000 BTU.
T&D:Transmission andistribution.

TBTU or TBtuTrillion BTU.
TRLTechnologyReadinesd evel.

TWh:Terawatthour. 1 TWh = 1 x2&Wh = 3.6 x 18joules.

Utility gasplant: Physical assetsvned by LDCsncluding mains, meters & services, and storfagdities

5 See https://www.mass.gov/infedetails/madecarbonizatiorroadmap
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Executive Summary

About this Report

This report provides an independent assessment of the role of the Massachusetts Local Gas
S5AA0GNROdzi A 2y /°B Welging/the Eammbriwpakih adhieve its 2050 climate goals.
9YSNHE |YyR 9YGANRYYSyllf 902y2¥%a&a00Z( L goaleoiv@yiOw ¢ 0 |
G KS / 2y awre selegfed Byéthie LDCs to develop this report in response to thesathusetts
5SLI NIYSyd 27F t dzof A O 2N MiSDiacked 2080 oTadiD&et waS bplenedity Sy ( £
GSEFYAYS GKS NRtS 2F al aal OKdzasSdda 3L a f20lf R
I 2YY2y St 0K (2 I OKA SatFsexpldiestrategigs 1o enalleAhe ICamnon@ealtht & ¢
to move into its nel SN2 3INBSyK2dzaS 3IF & o604aDIDéEV SYAadarzya
safeguarding ratepayer interests; ensuring safe, reliable, and-eftesttive natural gas service; and
potentialy recasting the role of LDCs in the Commonweéalth

The Consultants developed an economwide analysis ofeight decarbonization pathways for
Massachusetts using analytical methods and data that are similar to the approach applied in the
Massachusetts 301 w2 I RY | LJ ¢ & dIKignt patBwayachielidé90%rossGHGreductiors

and net zero GHGs/ 2050compared to 1990 levelsas well as interim statary GHG reductiomgoalsof

50% by 2030 and 75% by 2(4Dhe pathways are designed to reflect different futures for the LDCs and
their customersrangng¥ N2 Y 2y 32 A y 3 diébBtioren&twoik&t8 10096 deéofmissioning

of gas distribution infrastructure in the Commonwealth.

These decarbonization patlays are not forecasts, nor do they result in a single preferrsalution.
Instead by examining multipl@athways this analysiss used to identify and compare key features of
different plausible futuresind theirrelative coss, feasibility and risks.

Key findings

All pathways imply transformational changes for the Commonwealth, the LDCs and their
customers Strategies that use both the gas and electric systems to deliver-tarbon heat to
buildings show lower levels of challenge across a range of @atibn criteria.

Figurel evaluates the feasibility of different pathways by comparing the level of challenge of different
evaluation criteria. All scenarios are designed to achieve the same level of greenhouseugtiomed
safety and electric system reliabilitlyigure 1 illustrates that pathwaykat coordinate utilization of the

gas and electric systenmjch as thédybrid Hectrification scenariogshow lower overall levels of challenge.

In contrast, pathways thatly more heavily on emerging technologies, includemmewable gag or that

rely entirely on electrification and gas decommissioning stratdmye2050- face challenges across several
dimensions.

6 The five LDCs reflected in this study include: Berkshire Gas, Eversource Energy, Liberty Utilities, National Grid, and Unitil
‘D.P.U. 280 at 1

8 Consistent with the 2050 Roadmap, remaining emissions in 2050 are assumed to be netted off by carliorasiié&se carbon neutrality by
2050.

9/ KILJWASNI y 27F Anr& Creaing & Nef@nerationiRaatimap for Massachusetts Climate Folicy
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Figurel. Decarbonizatiorscerario results across multiple evaluation criteria
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All pathways are assumed to comply with D.P.U. and industry safety and reliability standards

Definition

The cumulative (simple sum) incremengainualcost of energy supply and delivery infrastructure, erss
equipment, and fuel costs, net of fushvings, relative to the Reference scenario, 202050. Higher costs
implies a higher level of challeng@osts are shown in real 2020 dollars, billions.

The pace and scale of electric and gas sector infrastructure additions. Sceméttiodhigher overall
infrastructure requirements of gas and/or electric equipment face a higher level of challenge.

The extent to which a pathway relies on technologies that are commercially available. Renewable gases
technologically mature; scenarios that rely on them face a higher level of challenge on this metric.

Air quality is estimated based on 2050 fuel combustion in each scenario. Scenarios with more electri
have lower levels of combustiomressions and are assumed to result in lower levels of air quality challeng

Estimate of the scale of the LDC workforce that will need to transition roles. Scenarios with high le
electrification imply a more challenging woréer transition to train, or rerain, skilled workers.

The pace, scale and types of custorsite retrofits required to achieve decarbonization. Scenarios with
higher levels of heat pumand building shethdoption require more extensive and coordinated customer
retrofit initiatives.

The total cost of ownershifrf CO)including upfront capital cost&r LDC customers who adopt building
decarbonization measures in the 2020s. Electrification is more costly for customers in the 2020s; indice
higher level of challenge.

TCOor LDC customers who adopt building dézamization measures in the 2040s. Increasing commodity
costs of gas result in a higher level of challenge for scenarios relying heavily on gas.

¢KS O024ai0 AYLI OG 2y [5/ Odzad2YSNRA ¢K2 -Re3 NIpiighes
income customers are more likely to migrate than lovwerome customers, absent policy intervention. Higt
costs for lowincome and normigrating customers implies a higher level of customer equity challenge.

All pathways are assumed to comply with D.P.U. and industry natural gas and electric safety and re
standardsThose standards will need te evaluatecbver timedepending on how decarbonization proceed:s

¢KS w2tS 2F Dla /2YLIkyASa Ay ! OK



Achieving netzero emissions requires early investments in the energy system; those investments
must increase over time as energy demand and supply transformations scale. Fossil fuel savings are
significant in all pathways. Avoided gas system costs are lsnedative to the investment costs

required in other sectors (Figure 2).

Figure2. Cumulative ¢$imple sum) energy system costs relatit@referenceby decade($2020, billion)

Hybrid Low Efficient Targeted High Networked Interim 2030 100% Gas
Electrification  Electrification Gas Electrification Electrification = Geothermal CECP Decommissioning
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I ——ee
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s &
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» 5(15) Cumulative energy system costs in the 2020s
5(30)

Differentaxis 2 $100

—— E—
E— —
0 — C = Fors

£ [
8 4- [ ]
[=]
~
[=]
a
$(50)
Cumulative energy system costs in the 2030s
$(100)

Differentaxis 2 $150

<& Previous y-axis

$100

_E S50
2 s
o~
[=]
oL 5(50)
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$(150) BY SY
Geothermal system m Electric system m Demand-side capital m Renewable fuels
Gas system Fossil fuels Net costs (optimistic) —| Net costs (conservative)

In the 2020s, costs are driven by a rampin demad side investments like heat pumps and building shell
retrofits, as well as initial investments in networked geothermal systems. Incremental energy supply costs
are also incurred in the 2020s, particularly via investments in renewable electric supplinitald

procurements of renewable fuels.

By the 2030s, costs scale alongside the energy system transformations necessary to achieve
decarbonizationScenarios with reduced gas system utilizagee gas system savings besult in larger
investment needsn the electric systemElectrificationof heating adds large new winter peak demands

to the New England electric systerim order to meetthose heating demandsew firm generation
resourcesare neededcapable of providing power during winter cold snépst can coincide with periods

O ¢KS w2tS 2F Dla /2YLIkyASa Ay ! OK 10



of low wind and solar productionRenewable fuel investments also increase substantially as the

/I 2YY2Yy ¢ 2030 an&2040 emissions targets bind. Gas system savings begin to accrue in this decade,
with the largest savingachieved in scenarios with targeted electrification and networked geothermal
strategies.

The 2040s show the largest distinctions across scenarios, based on relative levels of energy demand and
supplyside transformations. Costs in the 204@smonstrate that electrification has a critical role in
decarbonizing heating in Massachusetts. Absent substantial investments in electrification, which require
significant constructability, large investments in renewable fuels are required that entaificagt cost

and technology commercialization risk.

A promising strategy to balance the benefits and challenges of electrification and decarbonized fuels is
hybrid electrification. Hybrid electrification both mitigates electric infrastructure expansiaieciyes

and limits the use of decarbonized fuels. A hybrid strategy reduces the cumulative cost of achieving net
zero GHGs through 2050 by betwe®28-43 billion relative to scenarios that primarily rely onelkctric
strategies and substantially redusehe amount of renewable fuels that would need to be procured
relative to strategies with low levels of building electrification.

All pathways imply transformational change for the LDCs and their customers, raising substantial
cost recovery and potentiastranded cost challenges for those scenarios with high levels of
customer departures.

Achieving netzero requires a transformation of customer endes, energy supply and networks. As
Figure3illustrates:

1 Gas throughpuffalls and LDCsenvice to customerschanges over time. Gas throughput declines
in alldecarbonization pathwayas heatingand otherdemands are reduced via energy efficiency
and electrification. The LDC customer base varies from continued growth in the Efficient Gas
Equipmen scenario tca nearelimination of customer base in the High Electrification artdrim
2030 CECP pathways. In the 100% Gas Decommissioning and Networked Geothermal pathways,
the LDCs transition to provide heat to a subset of their customers via netdagkethermal
systems. Irthe Hybrid Electrificatiorscenarig customers rely on electricity for most of their
heating needs supplemented by gas heat during peak demand periods

1 Decarbonizationlikely requires a transformation of gas supgl All scenarios entail the use of
some renewablegasesto achieve net zero emissions in Massachusbit205Q although the
anticipated costs and quantities of thogasesvary significantly by pathwayhe Efficient Gas
Equipmentscenario requires highestuels of renewable gases, including conversions of portions
of the gas network to 100% hydrogen service to the industrial sector.

1 Scenarios with decreased utilization of the gas system face substantial embedded cost
recovery challenges and may resultinatrded cost® ¢ KS al aal OKdzaSddaQ 3l &
characterized by lonrtived assets that require ongoing investment to ensure safety and
reliability. The LDCs are currently implementing system upgrades under the Gas System
Enhancement Plan (GSEP) and thaosestments will increase the cost of the gas system and
LDC revenue requirements over the coming decade. As customers depart the gas system in
scenarios with high levels of electrification and customer migration, the costs for remaining
customers increast® impractical levels. Those increases can be partially mitigated via measures
like targeted electrification that reduce the remaining rate base of the gas system by up to $4
billion in 2050. However, the degree to which cost savings from targeted eileatioh can be
achieved is uncertain.

@ O ¢KS w2tS 2F Dla /2YLIkyASa Ay ! OK 11



Figure3. Transformations in the gas system by pathway (2622050) Costs are shown in real $2020.
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1Expressed as gas plus geothermal system rate base assuming optimistic cost reductions & optimistic geothermal costs.

2Scenarios with lowest gas system utilization bear the risk of ending up with embedded system costs that can no longer be recovered.
3100% Decommissioning pathway shows Revenue Requirement if costs are shared over all geothermal customers (bottom), versus if costs
are shared over gas customers only (top).

New regulatory support strategies will be needed to minimize customer cost impacts, regardless of
which pathway, or combination of pathways, are pursued.

Consumers are at the centerafl & & I O KddzarBonizatioQgoals because their decisions aboutwhe
and how to adopt electrification and efficiency measures affects the nature, scale, and magnitude of
electric and gas system transformatioithways that achieve rapid electrification particularimply

high levels of customer support, including ficéal incentives to reduce upfront capital costs, and/or
mandates to require electrification. Targeted electrification strategies may also require early retirement
and replacement of customer equipment.

Figured illustrates the total cost of ownership, including energy bills and upfront costs, for both migrating

and nonmigrating customers per major decarbonization technology type for an exaspige family

0
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challengs facing customers across decarbonization pathwagshe upfront coss and operating costs
of decarbonization optionsFor example, in the neaterm, electrification carries high upfront and
operating costsAbsent supportive policy initiatives thesacremental costs represent a substantial
barrier to achieving adoption oélectrification measures.Longerterm, electrification becomes more
attractive compared to other decarbonization alternatives as costs for technologie&iliSsurce Heat
Pumps(ASHPdRII and gas rates increase at a faster pace than electric rates in all scenarios.

Figure4. Ovewiew of customer costs for an average, pi®40 single family home. Gas bills are based on Eversource (NSTAR)
rates.

Upfront z At TCO? —non- Share of wallet for
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B Electricitybil | Gas bill [ gzzle‘?zrx'de“"er”°5ts %} Gas bill upperbound [ ::ﬁﬁ;ﬁﬁtcosts

" Includes cost of building shell upgrade (if applicable), space heating equipment, water heating equipment and cooking & clothes drying appliances.

2TCO = Total Cost of Ownership. Includes both energy bills and levelized cost of equipment
2 A “migrating” customer is a customer adopting the technology package. A “non-migrating” customer is a customer not adopting the technology package
The charts include rates for the scenario shown in italics.

4Other appliances’ include: water heater, clothes dryer, and cooking. Chart does not include transportation electrification bills.

5 Charts show energy bill effects for low—income, non-migrating customers. A low income customer is defined as a customer with an income of 60% of
the Massachusetts median. Low-income customers are assumed to receive a 25% discounted gas rate. Chart includes energy bills only, excluding
levelized equipment costs.

LDC customer bills rise in all pathways due to increases in both the delivery and commodity components
of gas ratesCustomer cosimpacts are more balanced in scenarios that rely on a combination of
electrification and gas, although regulatory reforms are needed to support these options.
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9 Deliverycostsrise in all scenarios due to GSEP and other system upgrade initiatives. However,

LDCcustomerimpacts are most acute in scenarios with high levels of electrification as the cost of

gas infrastructure is spread over rapidly declining utilization. Under current cost allocation, this

would result in inequitable outcomes where remaining cuséompay a disproportionate share

of costs.Quch an outcome is particularly concerning for lower income customhbgsare less able

to reduce their exposure to gas rate increases through electrification given upfront cost

Commodity costincreases are higést in scenarios with lower levels of electrification. Gas
commodity cost increases are relatively small in the Aeam but grow over time as the
Commonwealt?d DI D SYAadaaAizya GFNBSGa 0S02YS Y2NB | Y
commodity costscan become so high as to shift consumer incentives decisively towards
electrification.

Conclusions and Recommendations

&

Despite longterm uncertainty on the direction of decarbonization, there are sevela regret
decarbonizationtechnologiesusedacross scenarias

1 Energy efficiencythrough building shell retrofits and energy efficient equipment, especially for

all-electric buildings or buildings using large amounts of renewable gases. Energy efficiency
measures decrease the impgamf electrification on the electricity system and reduce demands

for expensive and currently necommercialized renewable gases.

Building electrification where feasible, including strategies for -aléctric residential new
construction and hybrid electrification strategiesin existing buildings. Wrid building
electrificationstrategiesl LILIJST NJ LINPYAaAy3d Ay al aal OKdzaSiidiaQ
scale the installation of hybrid heat pumps, including as a gas conservation measure and an
electric system resource, are warranted based on this commonality.

Biomethanefrom wastes and residues, including from landfill gases. Most scenarios blend up to
5-10% of renewable fuels in the gas distribution pipeline without substantially increasing the cost

2F Al a adzZl e o6& wWwnonX (2 &dzZJIR NI | OKASGSYSyi
Renewable electricity All scenarios require a substantial transformation loé electric sector,

doubling or tripling current generation capacity to deploy more renewable resources to reach net
zero emissions, regardless of the level of electrification pursued. This includes the installation of
thousands of megawatts of new offsi@and onshore wind, utilitgcale and distributed solar and

new transmission to deliver renewables to the Commonwealth.

In addition to these common strategies, several decarbonization technologies are worth further
research and development to better undet@nd their costs and resource potential

1 Hybrid system operationpilots and programs, similar to those underway in Canada and the

United Kingdom, could address open questions with respect to the operation of these systems.
Strategies to coordinate operatioin nonoverlapping gas and electric service territories are
needed given how common that arrangement is in Massachusetts.

Targeted electrification to enable decommissioning of gas distribution assetay offer
opportunities for savings on the gas distrilon system, potentially reducing the cost impacts of
electrification on remaining customers. As noted above, there are many open questions about
how targeted electrification could be achieved as envisioned in this study. Developing pilots
would help to tarify the opportunities and challenges of achieving targeted electrification in
Massachusetts.

I.—J ¢tKS w2tS 2F DIFa /2YLIyASa Ay ! OK 14

q



1 Networked geothermalsystemshave the potential to provide renewable decarbonized heat
without causing large electric peak demands in winter, while levgtagi (G KS [ 5/ 4Q SE
expertise and workforce. Eversource and National grid both have ongoing pilots that will help to
reduce uncertaintieground the feasibility and lontgrm cost of this option at scale.
1 Renewable hydrogernas a role in all scenarios wheled, for potential use in providing electric
sector firm capacityfor blending into the gaglistribution system,or for use in mediumand
heavyduty transportation. However, renewable hydrogen has not been deployed at the scale
envisioned in this anadys, and questions remain around the cost of producing, distributing and
A02NAY3 KERNRBISY Ay bS¢g 9y3IftlyR®d t NPANFYa (2
systems could be a promising next step.
Balancing across many considerations, decarbonizatioa gag € & G KI G aGNI G6§SIAOI T f &
infrastructure alongside and in support of electrification are likely to carry lower levels of challenge.
A coordinated gas and electric decarbonization strategyilizing a diverse set dkchnologies and

strategies,is likely to be better able tomanagethe costs and feasibility risk& decarbonization than
scenarios that rely more heavily on single technologies or strategies.

Under all pathways, the LDCs, the D.P.U., and policymakérseed to manage customer costs and
energy bills to ensure that the clean energy transition in Massachusetts is affordable and equitable to all.

The Consultants recommend that the LDCs together with the D.P.U.; begin implementing
decarbonization strategie and regulatory reforms to support the Massachusetts climate goals.

The LDCs should explore mechanisms to coordinate use of the gas and electric systems to minimize the
combined cost of decarbonizing building heating needs for customers. This incluckspileg

strategies and funding to increase electric technology adoption, authorization for renewable fuel
procurement, as well as regulatory support for new rate designs andreostery mechanisms that

support decarbonization. These regulatory desigmsexplored further in Part 1l of the Consultant
Independent Report
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1. Introduction

Purpose & Scope of the Report

About this Report

The Commonwealth of Massachuseisscommitted toreduceGreenhouse Gas (GHG) emissitngé b S (i
%S NP ¢ dnd@ligmmen witithe goasof the Paris Agreemefft whichcalls for a globaffort to keep
It 26t S Y MWSIN@ldv@NSreeNEaisiis 16y pursiiezffods to limit the increase 105
degrees CelsiusSpecifically,ni March of 2021, Govenr Charlie Baker signed into |g®enate Bill $hat
formally codifiesNet Zerointo law, together with interim goals for emissions reduction$ 50% GHG
reduction by 2030 and 75% GHsluctions by 2040 compared to 1990 levéls.

To explore implications@f K S/ 2 Y'Y 2 gomrSitméntiokc@ibatting climate changeéhe Executive

Office of Energy and Environmental Affaieteaseda 2050 Decarbonization Roadmapy G KS w2 I RY | LJ¢
in Decemler 2020 The Roadmap found that the Commonwealth can achieve@et emissions by 2050

but that the wayin which Massachusetts pursues its climate gaaiglicatesthe costs,human health,

risks and broader environmental impacts associated with decarzation'?

In the context of theRoadmap and thé 2 YY 2 Yy ¢ S| f (i K Qdhe Ma&sadhisatty Bgpartment

of Public Utilitieso & G KS 5 S Lill- O&TobeS3020dpéned Docket 2680 with the intention to
GSEFYAYS (iMaSsachuditsSgad®dchl Distribution CompaniesiDCé) in helping the

I 2YY2y6SHtiK |+ OKA S @SandtoitdS EHI 2NBO taAINE (15 37 Skat Fié2 Sy ¢
to move into its net zero GHG emissions energy future shileltaneously safeguarding ratepayer

interests; ensuring safe, reliable and ceffective natural gas servicand potentially recasting the role

of LDCs in the Commonweaifi.The Department directed the LDCs to issue a Request for Proposals

0 & w C t ah indefeBident consultarib support the LDCs ithis investigation.

This Reportprovides theConsultant®analysis of therole of LDCSA Yy | OKAS@Ay 3 (GKS [/ 2 Y
climate goalswhich includesdentifying decarbonization pathwayfor the gas distribution system to

transition in supportof a I & & | O Kndz&z&al dorantmentjmplications ofthese pathwaysfor the
Commonwealth, thé DGand their customersand potential policieand regulatory strategiethat would

help support this transition

Scope

As ordered by the Department, thescope of this Report requires the Consultans to review
decarbonization pathways identified in the Roadmap, to identify any pathways not examined in the
Roadmap, and tperform a detailed study of each LDC that analyzes the implications and feasibility of all
pathways The Department further notéthat the Reporshouldd @rpare and contrashe implications

10The Paris Agreeent is an international treaty on climate change adopted at the United Nations Framework Convention on Climate Change
(UNFCC) Conference of the Parties (COP) in &abgcemberl2,2015.

11 Senate Bil®: An Act Creating a Next Generation Roadmap fasddchusetts Climate Policy

2 Simultaneous with the Roadmap, the Commonwealth released an update to the Clean Energy and Climate Plan for 2030 wihiah states
SyraaArzya FNRY ylidaNFt 33L&z FdzSt 2Af FyR LINBLI YyS A yGHGRSIssiomzA f RA Yy 3
must begin to steadily and permanently decline.

3D.P.U. Docket 280 at 1.

14D.P.U. Docket 280at 5.
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of proposed policies upon each LDCw@mah the LDCs as a whand result in maangful discussions and
recommendation®'g

For alldecarbonization pathwayshe Department requested:

1 A forecast of costs and economyde GHG emissions reduct®imvolved in transitioning the
natural gas systerrincluding:

o A discussion of possible mechanisms, methodologies or policies to address the recovery
of costs and mitigation of costs and impacts for customers, especiallintmme
customers;

0 A forecast ofelectrification strategies as well as other strategies identified through the
analysis

0 Atransparent depiction of key assumptions and a calculation of GHG emission reductions;

1 A discussion of qualitative factors such as impacts on public safety, iliaktonomic
development, equity, emissions reduction and timing

1 Proposed recommendations to reduce GHG emissions from the sale and distribution of natural
gas to meet applicable goals in relation to the Roadmap, with specific initiatives, actions and
interim milestones.

Theseobjectivesare embeddedin the study framework developed by the Consultants, @asther
described in Chapter Zhe Report consists of two parts:

- Partl describes thenalysis of decarbonization pathwaysplications of thespathwaysand the

/ 2yadz GF yiQa NBO2hansGopord KE 2VAY F2Ws $157 BKQa Of A Y
- Part lldiscusses possible mechanisms, methodologies or policies to address the recaasis of

and mitigation of impacts for LDC customers.

This Reportfocuses on the transition of the natural gas distribution system and the role of LDCs in
adzZLILR2 NI AYy3 (GKS [/ 2YY2ysSIfiKQa 202S00A@Sad {AyOS
consumed in théuilding sector, building decarbonization is the pany focus of this analysis. However,

in assessing potentidansformations of theBuildings sector, the Consultastanalyzed impacts across all

sectors of the economy, including tl@nsportation, industryandelectricsectos.

In addition to ths Report, each LDiS submitting a proposal to the Department that includes plans for
helping the Commonwealth achieve its 2050 climate gadessuch, this Report is not an implementation
plan.Instead, it provides théoundationalanalysis to the LD§pedfic proposals, including a quantitative

and qualitative assessment of decarbonization pathways and recommendations for possible mechanisms
or policies to both support achievement of decarbonization amditigate the cost impacts of
decarbonization on LB@nd theircustomers.

Gas Distribution in Massachusetts
This report focuses on tHellowing LDCs that provide natural gas service to customers in Massachusetts
including

1 Avangridg The Berkshire Gas Compan
1 Eversource EnergyEversource Gas of Massaecletts (formerly, Columbia Gas of Massachusetts)
and NSTAR Gas Company

9 Liberty Utilitiesc New England Gas Company and Blackstone Gas Company

151dem.
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1 National Gricg Boston Gas Compalty
9 Unitil ¢ Fitchburg Gas and Electric Light Company

In addition to thesautilities, there are four municipal gas companies active in the Commonwealth that fall
outside the scope of this RepdrtFigure5 provides an overview of the natural gas service territory in
Massachusetts by LDC.

Figure5. Naturalgasserviceterritory per LDC.

@ Avangnd
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Liberty
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l'a NBO23ay Al SR deachliDE S didhirstlalhdINds Miffenérit Gapabilities and limitatwithin

its own service territorg. ¢ K dz& > thie 2ppro@ixi@eibacRgBound and context for the Consulsint
analysis ofhe decarbonizatiorpathways, this Report providean overview of the current role of natural

gas in Massachusetts and a detailed assessment of the distinct LDC characteristics, which were
incorporated into theConsultantSuantitative and qualitative analyses.

StudyProcess

In April 2021the LDCs selected Energy & Environmental EconofaR)sand ScottMaddento be the
independentconsultans for this study. In response to the RFP, the Consultants developed a robust
analytical framework thaincludes a summaryof LDC characteristicg, quantitative and qualitative
assessment of decarbonization pathwayse impact ofthose decarbonization pathwaysn LDCs
customers the LDC and broademergy sector workforgeas well asdentification of mechanismshat

help safeguard ratepayer interestwith a particular focus on loamcome customersA full overview of
this analytical approach is described Ghapter 2.To allow for a comparison with the Roadmap, the
analytical framework and key assumptions are designedsimilar way to the analytical framework used

in the Roadmap. However, thgathwaysmodeled bythe Consultantsare not identical to those of the
Roadmap as a result of several distinct modeling differences described further in Chapter 2.

Thescenariogeflected in thisReport and the underlying analysiseflectinput from many stakeholders
At the start ofthis project, the LDCs crafted a stakeholder process with the Attorney General and other

6 Throughout this Reportjata is shown for both Boston Gas and thenfer Colonial Gas Company.

17 The municipal gas companies, which are not within the scope of this Report, include Holyoke Gas & Electric; Middlebo& &dgcGias
Wakefield Municipal Gas & Light; and Westfield Gas & Electric Light.
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stakeholdes that included the development and implementah of a stakeholder engagement plan

0 & { ®¥The LDEs retaindehvironmental Resoursa | Y 3SYSy G 6da9waé v (2 &dzZJlR
stakeholder processThrough ERM, the LDCs have engaged stakeholders through a variety of methods,
including monthlymeetings, special issue workshops, and-oneone conversationdn addition, & part

of the analytical approach, the Consultants engaged with stakeholders to identify alternative
decarbonization pathways natcludedin the RoadmapA summary of lte stakeholderprocessis

providedin Chapter 2full documentation of thetakeholder processreported by ERM through separate
documentation.

The Consultanteand LDCgoordinated on theanalysis and process of this Study on a regular basis,
including thraugh btweekly project management meetings, monthly Steering Committeetings,and
frequent deepdive meetingdo discuss interim analgs. All decarbonization pathways were established
with input and support from LDC3he assessment of implicationstbe decarbonizationpathwaysas

well as the recommendations almsed on the Consultarfimdependent analysiand conclusions

8 This stakeholder engagement plan, along witmaaterials related to the stakeholder process, can be found on the Future of Gas website
(www.thefutureofgas.com)
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2. Approach

&

Study Frameworland Evaluation Criteria

The Gonsultan@ study frameworkincludedseveraldistinct phases of analysis

=A =4 =4 =8 =8 =9

and theircustomers

= =

Of AYF(GS 321 ¢

An evaluation of the 2050 Massachusetts Roadmap and 2030 CECP

A literature review pertaining to transitional strategies for natural gas distribution systems
An evaluation of alternative pathways to achievingth@ YY 2y g S| f (i KQa
A characterization of gas supply in Massachusetts
A characterization of individual LDCs and identification of key differences across LDCs
A quantitative assessment of the implications of decarbonization pathways on LDGioper

ao

A qualitative assessment of the implications of decarbonization pathways
An evaluation of alternativepolicy and regulatory approaches that support the
I 2YY2y6SItGKQa

Ot AYLIF (S

In addition to these phases, the Consultastpported Eversource Energy in their filing of a Clean Energy
Business Case Analysis required under the Columbia Gas Acquisition Settlement Agreement. The results
of this Workstream arerovidedin a separate D.P.U. Docket and as soehincluded in thisReport®

Figure6 provides a conceptual overview of tiseidy framework

Figure6. Overview of study framework.

[

Stakeholder engagement

.

é ) hY# Downstream implications of scenarios relating to how gas utilities
Evaluation of implement plans and recover costs 20-80
Massachusetts 2050 Independent
Roadmap & Interim Consultant
CECP N\ ] ™\ Technical
\_ ) Gas LDC Evaluation of Report (Part 1)
revenue qualitative factors: and Regulatory
3 —p{ requiremen [ (ﬁ affordability, Report (Part 1)
4 N t& LDC workforce impacts,
Evaluation of retail rates business \ air quality, etc. y
. . model { \
decarbonization = m™
implications
pathways
4 ™\ & customer ' - ™\
\_ ) impacts Evaluation of 20-80 LDC
A Electric alternative hovvr
] system | regulatory specific
r ™ impacts & approaches for proposals
. . rates LDC costrecovery, cost
Literature review % y Lc;haracterizr:ztic:n \_ allocation y
\ J J \ )

Eversource-specific requirements

To address the key objectives laid out by the Department, the Consultiusloped and examined
distinct decarbonization pathways. To assess the implicatmasfeasibilityof each of these pathways,

19See D.P.U. 289 Docket.
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the Consultantsonsidereda broad set of evaluation iteria, analyzed through a combination of both
guantitative and qualitative factordescribed irirablel below2°

Tablel. Evaluation criteria

Evaluation criteria Description

The cumulative (simple sum) incremental annual cost of energy supply and de
Energysystemcosts infrastructure, enduse equipment, and fuel costs, net of fuel savings, relative

Reference scenario.

The extent to which natural gas and electric safety is maintained, per industry
Safety D.P.U. standardNote that in this analysiall pathways are assumed to comply wi

D.P.U. and industry standards.

The extent to which natural gas and electric reliabitysystem resilienceare

Reliability& Resilience maintained, per industry and .BU. standards Note that in this analysis, a
pathways are assumed to comply with D.P.U. and industry standards.
Constructability The pace and scale of electric and gas sector infrastructure additions.
. The extent to which a pathway relies on technologies that are commerc
Technology readiness :
available.
Air quality The ombustion offuels, used as a proxy fordoor and outdoor air quality

Workforce development  Estimate of the scale of the LDC workforce that will need to transition.

The pace, scale and types of customsg@te retrofits required to achieve
Customer practicality decarbonizationand necessity or implication of building electrification mandates
achieve scenario outcomes
The total cost of ownership for LDC customers who adopt building decarboniz
measures.
The effect of LDC customer migrations on equity (across generations of
customers, migrating vs. nemigrating customers, and between rates classes)

Customer affordability

Customerequity
Notably, each scenario isiodeled to reflecta safeandreliableenergy system in the Commonwéaper

existing gas and electric standaraehile achieving similar levels gfeenhousegasreductions As such
these factors ar@ot used asvaluation criterido the same extent as the factors described ahove

While the decarbonizatiompathwaysare compared against each other on these criteria, the intention is

y20 G2 &adza3sSad GKFEG Fyeée 2yS LI GKgle& akKz2dzZ R 0SS 02
system. Instead, comparing the pathways allows for the idieatibn of key commonalities, differences

and implications across decarbonization strategies, to be incorporated into future {nadiking,

regulation and planning.

The identification ofthese evaluation criteriavas informed by the D.P.U. 8D Order!, recent
Massachusetts climate legislati@nreview of decarbonization literature, as well as discussions with LDCs
and stakeholders. Ongavaluation criteriavere identified, the Consultants utilized various metrics from
the scenario modeling to frame theistussion of pathway implications. In some cases, the evaluation of
components, or requirements, of each scenario were utilized as a proxy for otherwise qualitative

20The implications for Environmental Justice communities as defined by the Commonwealth (based on inconity, pojmaation, and/or
English isolatiomyre discussed throughout the Report and within the context of various qualitative factors, including customer affordability,
customer equity, customer practicality, workforce development, and air quality.

AThein$ LISY RSy (i 02 y a dzalit FNBIERsy (NB LI2RMIE QdalatAt2yy 2 F ljdz- t AGF GA @S FF OG2NAR  &dzO0K
RS@PSt 2LlySy (s SlidAaiter Syraarzya NBRdOGA2Yy&T FyR GAYAYy3E

2 IA Senate Bill 9, section 15 (1&)r ¢ 8 KS R S LI Mlie¥pSoytd itself irid thé entitigs At regulates, prioritize safety, security,
NEtAFLOATAGE 2F ASNBAOS:T | FF2NRIGAtAGEY SlidzAie FyR NBRdzOGAZ2ya Ay 3INB
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considerations, to provide insights into the magnitude and pace of change implied byeutiffer
decarbonization pathway%.This approach allows important issues that may not be explicit outcomes of
the modeling to be compared across scenarios over time against busisessial (i.e., Reference) and
determine the relative degree of challenge tepd to achieve the parameters assumed in each scenario.
Decarbonization strategies with a lower degree of challenge are likely to be more feasible to implement.

/ KFLIXASNI p LINPGARSE | adzYYFENER 2F {1Seé 2o0aSal GA2ya
assessment forll evaluation criteria, including an overview of potential feasibility challenges across
pathways relative to Reference. Based on the assessment of both quantitative and qualitative factors, the
Consultants evaluated a set of possibégulatory mechanisms, methodologies and initiatives that could
adzLILR2 NI GKS /2YY2y6SIHtdiKQa OfAYFGS 321 fa YR YAGA
decarbonization strategies, as described in detatant |1 of this Report

StakeholdereEngagement

Stakeholder input and feedback are critical components of the stakeholder engagement process (SEP)
associated with the Future of Gas. In May 2021, the SEP was developed in collaboration with stakeholders.
Since then, ERMnNd the Consultantbavereceived and responded to more than 800 comments. The
comments are varied and include themes such as affordability, transition timeline, proposed scenarios,
renewable energy, equity, workforce considerations and others.

Several mchanisms were employed to encourage robust and meaningful engagement:

1 Email: For those with reliable internet access, a dedicated email addeessstablished in May
2021.

1 Web: A website (www.thefutureofgas.com) was launched in June 2I¥#d site is therimary
resource for information related to the Future of Gas proceedamgl related stakeholder
engagement process. Updatedthbnthly, the site featuresecordings of monthly stakeholder
meetings, customer webinars and videos as wethasting summaris and presentations, among
other stakeholder and customeesources. Recognizing that language barriers esisttomer
videos and webinar recordings have been translated from English int@élitional languages
and associated dialects (Spanish, Vieteas) Chinese anfdortuguese) predominantly spoken in
Massachusetts.

1 Phone: For stakeholders without access to the internet, a dedicatedréalltelephonenumber
was also established in May. This line is monitored by ERM and eachrealiigd to accep
guestions and comments.

Questions and related responses documented via all of the contact vehicles abovbdmavinked on

the Future of Gas website monthly to demonstrate the transparency of the pro@s&s.the past nine
months, ERM has managed afatilitated two stakeholderengagement procesplanning meetings,
eleven stakeholder meetingsvith participation from more than 100 unique individuals representing
diverse stakeholder grouross the Commonwealth; one scenario design workshop, andwarbdur
technical session ta@eview the set of scenarios developed by E3. Additional outreach included 1:1
meetings with stakeholder groups representing climate advocates, customer advocates, business
interests, Laboand others who have varying interesitsthe outcome of the proceeding. These meetings
coupled with customer webinars and videos have resulted in diverse perspectives being shared

23 By way of example, the number of gas LDC customers over time and residentiadj leeptipment stocks turnover are used to inform the
discussion of customer fuel choices in the Customer Practicality selctiaddition, the level of O&M expenses on the gas system aretosed
identify potential implications to the gas system workforce.
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throughoutthe processin addition, the LDCs held two customer webinfmscustomersto learn, ak
questionsand provide feedback 0 2 dziiT G KS FdzidzN® 2F 3IF & LINRPOSSRAyYy3I:
andthe technologiesavailable to achievehese goak.

Documentation of the stakeholder process is provided by ERM through separate documerERidp.a
report includes comments and feedback shared by customers and stakehgldesimmary of 1:1
interviews participant listsa breakdown of topics and other supportidgcumentation.

PathwayDevelopment

Designof Decarbonization Bthways

Thepathwaysdescribed irthis Reportshow distinct possible futures of how the Commonwealth could
achieve its carbon goaléncluding pathwaysdeveloped in the Roadmap and alternatipathways
developedfor this Report The alternative pathwaysvere developed with input from both LDCs and
stakeholderswith the aimto evaluate a broad and distinset ofdecarbonizatiorscenariosAs such, the
pathways are designed to highlight different strategies to achieve decarbonizatiassabusetts, wih
particular emphasis on pathways to decarbomiztural gasn the Buildings sector.

2 KIFG RSTAYSa || a322Ré RSOFND2YATFOA2Y LI GKg

1 Reach the common objective of Net Zero by 2@80le continuing to provide safe and reliab
energy services

Do so inamanner thatprovides formeaningful distinctionbetween pathways

Consider theenergytransition across all economic sectors;

Bepossibleo achieve;

.S GKS a0 Sisélt DS NB R ¢ pahviaysshobldi reflect logicaind consistent
choices within theconstraints of the pathway objectives, and thab pathway should be
designedex anteto serve as a strawman against which a preferred outcaéentified.

=A =4 =8 =9

It is important to note that analyzing decarbonization pathways out to 2050 involves adweakde

horizon that is inherently assumptiogiven and uncertain acrosseveral factors including cost,

consumer behavior, technology developmedeployment, and other factors discussed in tRiport.

90Qa I LILINRI OK (2 LXkejuKcértaidiesbyyptotiding sersitividylandlysigidit #anges

of costs of plausible outcomes; noting that not all uncertainty can be quantified in maaelsing soE3

YF1Sa I Oft SINJ RAaGAyOiuA2yY 0SisSSy alLl GKgl&aé¢ I yR
1 Pathways explore distinct physical infrastructure transitiondo achieve economyvide

decarbonization

1 Sensitivities varkey assumptiont testthe robustness of scenario findings against uncertainties

Decarbonization pathways aret forecasts, nor do they result in a single preferred solution. Instead, by
examining multiple pathways, this type of analysis can be used to identify and compafeakeares of

different plausible futures and their relative cost, feasibjl#tgd risks, usinthe best available information
today. A portfolio of Y S| & dzZNB & GKIF G | OKAS@Sa GKS /2YY2ysSHftOIKQ
aspects omultiple pathways as well as other strategies that may emerge in the coming decades.

Deep Decarbonization Pathwaysterature Review

E3 conducted an extensive literature review of decarbonizatomiegies studied and implemented in
the U.S. and abroad, looking at over€iQdies that represent perspectives on a range of topic areas and
geographic diversity. The detailed findings of the literature review are provided in Apgndix
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The literature review uncovered several decarbonization stratefgielsuildings andhaturalgas enduses
commonly found in studies exploring how net zero emissions or other deep decarbonization targets can
be achieved Kigure7). These pathways are not mutually exclusive; in fact, a combination of these
strategies may be needed to cesifectively decarbonize natural gas endes given the variety of
building types,heating demands, and availability of technologies. Energy efficiency is a foundational
component of all decarbonization strategies, and Massachusetts has long been a U.S. leader in achieving
energy savings through efficiency programs. While most decardiomiz pathways deploy some
combination of emerging technologies, clean electricity, and renewable gas, energy efficiency underpins
all these strategies by reducing the overall amount of energy and capacity needed, such that alternative
technologies can eftctively meet energy needs.

Figure7. Common decarbonization strategies.

b2ilotéx GKS /2yadzZ GdFryiQa NBOASe 2F SEAaGAY3T &ldz
system one of the pathways analyzed in this Reptids not yet beerstudied or implementedn any

other jurisdictions, either in the |3 or abroad.In addition,the Consultants notedhat detailed studies

on how decarbonization pathways affect customers, and particularly wniddleincome customes,

areoften lackingThis perspetive isspecificallywoven intothe evaluation criteria assessed for this Report.

The Role of Gas in Cold Climate Decarbonization Strategies

The literature review performed by the Consultants highlighted some key consider&iidhg role of the
gas system for decarbonization pathways in cold weather, which relate to gas system considerations in the
Commonwealth These considerations wereonsideredin constructing a diverse set of decarbonization
strategies as described in the following section.
1 Peak heatlIn cold climates, gas systems serve substantially higher peak energy demands than
electricity systems. Converting large amounts oflgzeting to allelectric solutions therefore has
the potential to cause substantial electric system peak demands, shifting the electric system from
a summer peaking system to a winter peaking system, with implications for distribution,
transmission, and gemation infrastructure®*2> 26 Decarbonization strategies that continue to

24E3 & EFI (2020) N&ero New England: Ensuring Electric Reliability in a Low Carbon Future
25The Brattle Group for Coalition for Community Solar Access (2019) Achieving 80% GHG Reduction in New England by 2050
26 mperial College (2018). Analysis of Altgive UK Heat Decarbonisation Pathways
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