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Executive Summary

The states of the northeastern United State®lew York, Massachusetts, Connecticut, Rhode

Island, New Hampshire, Vermont, and Maigéave declared their intention to dramatically

reduce their greenhouse gas emissiong tid-century, to levels consistent with the Paris

I ANBSYSyYy i Qa Okchubed gi@l ff AdIANI KyiA Fiig2mission/ reddctidhst S & 4 @
objectives adoptedyenerallyF I t £ Ay GKS dayn E pné NFIy3ISzT 2N\
2050 {Tablel).

Tablel. Mid-century greenhouse gas emign reduction goals in theortheasernU.S.

State 2050 Goal

New York 80% below 1990 levels
Connecticut 80% below 2001 levels
Rhode Island 80% below 1990 levels
Massachusetts 80% below 1990 levels
Vermont 80-95% below 1990 levels
New Hampshire | 80% low 1990 levels
Maine 75-80% below 2003 levels

This study analyzes what achieving an 80 x 50 goal throughout the régirafter referred to

Fa G§KS o bpledifd ®e wayithabenergy is supplied and udetuilds upon the 2015

study Pathways to Deep Decarbonization in the United Stdigsthe Deep Decarbonization
Pathways ProjectThe research was sponsored by the Sustainable Development Solutions
Network (SDSN) in collaboration with Hygpoiébec(HQ), and conducted by Evolved Energy
Resarch (Evolved) using the EnergyPATHWAYS energy system model, with contributions from
{5{b YR IlvQa NBASINOK AyadAaiddziS LwOv®

The analysis has three main objectives:
1. Tounderstand what changes in energy system infrastructure and technology are required
to achieve the 80 x 50 goal in the Northeast
2. To understand the potential effect of expanded NortheBl§p coordination on the cost
of achieving the 80 x 50 goal in the Northeast
3. To determine if potential benefits warrant examination in greater depth, and ivisat
are the right questions, tools, and stakeholders for a Phase 2 study

What changes in energy system infrastructure and technology are required to achieve the 80 x
50 goal in the Northeast?

This question is addressed through the comparison ofdeemarios developed for the Northeast.
¢tKS FTANRG Aa | NBFSNBYyOS O abaal Endrgy QuRooR2017( KS 5



a businessasusual forecast out to midentury with a highly detailed representation of energy
service demand, supply mafstructure, and endise technology, adapted to incorporate currently
implemented policies in the Northeasthis scenarioesultsin emissions that far exceed the 80
x 50 goalsThe second scenario is a deep decarbonization pathway (@®®)xchnical bleprint

of sector by sector and year byarechanges in the energy systanthat achieves the 80 x 50

goal.

The results show that the deeply decarbonized energy system can provide the same energy
services to the economy and daily lfenobility, lighting, heating, cooling, etc.asthe business
asusual caselt can be achieved through the ongoing deployment of efficient,-¢anbon
technologies that are already commercial, combined with the steady retirement of low
efficiency, higkcarbon technologieswhile thistransition does not have to be accomplished
overnight, it alsacannot be delayed if the i-century target is to be meflhe changes required

are not incremental improvements over thetatus quo They are unprecedented and
transformational.

The extent of the transformation ishown by three metrics that represent the three principal
measures needed to reach that 80 x 50 targealfle2). First, greatlyincreased efficiency of
energy end use, as indicatdy a 40% decrease in energy use per capita between today and mid
century while maintaimg all existing energy serviceSecond, reaching a very low carbon
intensity of electricity, 29 grams of g@er kilowatthour, an 87% decrease from current levels.
Third, switching of end uses buildings, industryand transportationfrom direct combustion of
fossil fuels to electricity, represented by a tripling of the electricity share, to 55% of final energy
consumption from 18% today.

Table2.a SGNRA Oa F2NJ aGKNBS LIAtEFNERE 2F RSSLI RSOFINDB2Y Al

Pillar Unit 2015 value 2050 DDP % change

Energy efficiency | Annual per capita energy usq 168 101 -40%
(MMBtu/person)

Carbon intensity of| Carbon emissions per unit off 228 29 -87%

electricity electricity (kg C&MWh)

Electrification of Electricity share of end use | 18% 55% +210%

end uses energy consumption (%)

These changes are sometimes called theee pillarsof deep decarbonization, becse the
outcome rests on having all three at the same time. When they occur together, there is a
multiplicative effect on emissions reductions. For example, in the case of electric vedimbése

drive trains are both more energy efficient than thosahminternal combustion engines and
displace fossil fuels with neaero carbon electricity. The same logic holds for the replacement
of natural gas and oil furnaces and water heaters with efficient electric heat puhimgsmost
formidable policy challengen the demand side of the energy system will be attaining the rapid
electrification of end uses.



For the electricity sector, there are two simultaneous requiremeRitst, there must be a major
increasen electric load, roughly doublingurrent leveldoy mid-century.ln the DDmBbasecase for

the Northeast, loadn 2050is 86% higher than the reference case, due primarily to electrification
of virtually all lightduty vehicles, plus meeting twihirds of building space and water heating
demand.Second, here must be a vast increase in low carbon generati@iven current policy
preferences in the Northeast, the DDBsecase achieves this with renewable energy rather than
new nuclear or fossil generation with carbon capture and stordge2050, twethirds of all
generation comes from solar PV and wipalver, while thermalpower plants burn a mixture of
natural gas anthiomassbasedrenewable natural gas to stay within carbon constra{figurel).

Figurel. Northeast gneration mix in 2050 reference case and DDP case
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These requirements pose three serious challenges for electricity provision in a Northeast 80 x 50
scenario.First, electricity systems with very high shares of wind and solar generediomave
imbalances between energy supply and demand that are of larger magnitude than can be
addressed with natural gas generation constrained by carbon emission lithése imbalances

are also on longer time scales (weekly to seasonal) than can bessgdl by hourlo-diurnal
storage technologies such as batteri€decond, an unprecedented buildout of renewable
resources is required to decarbonize electricity generatibms includes a high proportion of
offshore wind in increasingly remote locatiottssupplement onshore wind and solar PV, as the
best sites for these are utilized or high daytime curtailment makes it difficult to reach higher
penetrations. Third, the cost of generation increases steeply for remote offshore wind, as
transmission costexceed generation costs, and the cost of balancing resources also increase
steeply when scarce biomass is used as adakkon fuel in thermal generation.



What are the potential effects of expanded NortheaktQ coordination on the cost of achieving
the 80 x 50 goal in the Northeast?

This question is posed as a response to the electricity sector challenges describedHQove.
already plays an important role in Northeast electricity, exporting 22 teradaittrs per year of
carbonfree electricity overmore than 4000 megawatts of interconnectionhis transmission
capacitybenefits both the Northeast anQuébecas itallows south to north exports at certain
times during the year in combination with the predominantly north to south flow, keeping
transmisson utilization rates high. Several factors make expanded coordination an option worth
investigating First, withinQuébecthere is significant new resource potentfak onshore wind

and hydroat relatively low cost within close geographic proximity te thortheastSecond, the

HQ system, with its large reservoir capacity, has the latent flexibility to provide balandiagion

a daily andseasonal scale.

To analyze potential costs and benefits, the DDP base case was compared to four different
scenarig of expanded NortheadiQ coordination that also reach the 80 x 50 targdtese
aO0SYyINA2a OQFNER Ff2y3 RAFTFSNBydG FESa 2F 6KFG a
exports and transmission capacity between Canada and the Northeast, versuparsiex; (ii)

new hydro resources versusew wind resources, in both cases developed witinébecfor

export; and (iii) including the PJM balancing area as a U.S. participant in expanded coordination,
versus including the Northeast only.

These scenar® were compared to the DDP base case in terms of net costs and benefits,
investment requirements, transmission requirements, generatigr, andoperational changes
(Table 3)The cases with expanded hydro and expanded wind resourc@aébecboth show a

net benefit of more than $4.2 billion (current US$) per ydédre case with expanded hydro plus
PJM involvement shows a net benefit of almost $5 billion per year, but $1.9 billion ofsthat
realized withinPJMas production cost savingather than the Naotheast as a consequence of
avoided renewable curtailmenhe case with expanded transmission capacity has a relatively
small net benefit of $130 million per year.

Table3. Net benefits in 2050 of four increased coordination ades relative to deep decarbonization

base case.
Scenario New New New HQ New HQ Net Benefits
HQ/Northeast NYISO/PJM  Hydro for Wind for ($millyr.)
Ties Ties Export Export

Expanded Wind | +9,090 MW n/a n/a +30 TWh $4,209

Expanded Hydro | +9,090 MW n/a +30 TWh n/a $4,380

Transmission Only +9,090 MW n/a n/a n/a $132

PJM Coordination| +9,090 MW +3,000 MW | +30 TWh n/a $3,099
*$4,993

*Including production cost savings realized in PIM.



The costs and benefits of coordination are illustrated by the expanded easel Figure2). The
benefits come from replacement of thestliestoffshore wind resources that would otherwise
be required with less costly Canadian onshore wind, and from utilization of the HQ sigstem
balancing, allowing sobtnorth flows of excess solar generation that would otherwise be
curtailed in the Northeast, and avoiding the high cost thermal biomass balancing resbthece.
gross benefits of $8.3 billion per year from these savings are partially offset by increaseatees
costs (iNQuébegd and transmission costs (betwe@uébecand the Northeast) of $4.1 billion per
year, resulting in a net benefit of $4.2 billion per year.

Figure2. Annual costs and benefits in 2050 of expanded wind caavesto base DDP case.
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Net benefits of more than $4.2 billion per year represent a reduction of more than 6.5% of the
annual incremental cost of electricity generation in the Northeast in the DDP base Aase.
sensitivity analysis with offshore wind 30% of its projected cost in the base case, and HQ wind

at 50% higher cost, reduces net benefits to $300 million per year, while the opposite sensitivity
(50% lower HQ wind cost, 50% higher offshore wind cost) increases them to $8.4 billion per year.
Foroffshore wind and HQ incremental hydro, the sensitivity results are similar.

The scenario results indicate several potential operational challenges for the HQ sy$tem.
SO02y2YA0 o0SySFTaida 2F SELI yYyRSR 022 NRstghlasidd 2y RS
regional battery with extensive southorth as well as nortisouth flows.This takes greater

advantage of the flexibility of the HQ reservoir system, but is a departure from the longstanding
model of fixed schedule electricity exporiEhese chaénges derive partly from changes in the

seasonal timing of peak load in the Northeast under deep decarbonization due to the



electrification of heating loads, so that peak loads occur in January, coincident rather than
complementary with the HQ system peailtso in the winter(Figure3).

Figure3. Base DDP Case Monthly Electricity Consumption for the Northeast
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In addition to a new seasonal operating regime, the daily operatingneglso changes
dramaically. Figure4 shows transmission flows between HQ and the Northeast, illustrating the
S@2t Ay yYIGdz2NBE 2F AYLERZNIA&A yR SELRNIA 205N (
increasingly inflexible due to higher wind andasopenetrations, and the transfer capability

between the two regions increases. From 2020 to 2050, overall exports from HQ to the Northeast
increase, but the daily pattern becomes more dynamic, with exports ramping down during
sunrise and ramping up dugrsunset. This pattern reflects the high levels of solar PV generation

in the Northeast, with HQ importing electricity from the Northeast during daylight hours,
particularly during the spring and summaeitecreasing HQ hydro generation amdtreasing

resenoir storage.




Figure4 Expanded Wind Case: HN@rtheast Net Interchange
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A consequence of increased diutrevings in imports and exports is potentially much faster
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ramping (the rate of increased or decreased generation in MW per hour) of the HQ system than

at present.

Do the potential benefits warrant examination in greater depth, and if so what are thehtig
guestions, tools, and stakeholders for a Phase 2 study?

The scale of potential benefits shown by this analgsigeater than 6.5% of the incremental
generation cost of deep decarbonizatigmdicates that a deeper investigation is warrantétie
keytopics and analytical needs of a prospective Phase 2 study are suggested by the findings, and

the limitations, of this initial analysi$he main issues pertain to scenario design, cost, operations,
and environment.

(1) The DDP base case used in thuslysis not the only or best DDP for the Northedstwas
designed to illustrate general features of DDPs that have proven to be robust in similar studies,

a dzOK

|.
analysislt reflects current policy preferences in the region, but not necessarily the best possible

a
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resource mixA Phase 2 study should develop a wider set of technology pathways and ranges of
assumptions about cost and performance, with inputs from regioraesdtolders and experts.

/Z



(2) The expanded coordination scenarios developed for this study are not optimized forlo®st.
resource builds, export levels, and transmission additions were selected to illustrate a range of
options for expansion of NortheastQ coordination, but were not meant to represent the best
possible economic outcomdotential benefits could be larger than these scenarios shHow.
addition, stability and contingency assessments are needed to understand the implications of
tripling interties between the Northeast and H@ follow-on study should feature optimal
capacity expansion, and greater transmission representation in production cost and-flower
modeling, accompanied by extensive sensitivity and uncertainty analysis.

(3) The implications of the operational challenges for the hydro system described apmagor
changes in the seasonal and diurnal timing and ramp rates for the filling and emptying of
reservoirs- will require extensive hydrological and hydro system operationsetiog. Potential
impacts of climate change on hydrologic flows should also be factored in.

(4) The siting and development of new hydro or wind resources and transmission upgrades will
require environmental assessment on both sides of the borBeior b assessment of actual
proposed projects, an initial scoping of potential environmental limitations can help provide
constraints and cost estimates needed for Phase 2 modeling and scenario design.

A Phase 2 study would aim to inform the discussions arkepgegional stakeholders that would

be required before any concrete steps toward expanded coordination are ndadentral issue

is how systerrwide benefits, costs, and risk would be allocated among the parties, and what
changes in current wholesale matkand RTO rules and procedures would be necessary to allow
greater crosshorder integration of planning, procurement, and operations.

It should be acknowledged that the vision of expanded coordination in the present study is
narrower than what could be iagined in an urgent mobilization to rapidly reduce greenhouse
gas emissionsA larger vision could include fully integrated regional planning and resource
markets, and possibly synchronization and full AC interconnedtowever, given the limits of
historical levels of coordinatiorg including among the states ancegional transmission
organizationsRTO¥of the Northeast, as well as across théernational borderg the objective

of a limited expansion makes sense as an initial Phase 2 fAcksy to sccess will be the
participation of regional stakeholders and experts from government, utilities, RTOs, labor, and
environmental organizations, both in technical discussions and in creating a shared vision of how
to achieve a low carbon future.




Introduction

The Paris Agreement, signed by 195 countries, calls on the international community to limit
humanOl dzZa SR 3t 206 t & NI Ay AVolirgary éamBitmientsthpind®idualn 6 / ¢
O2dzy iNASasx OFftSR ayl A2yl ff &eaBisnk daghSvill tak@2oy (i NA 6
YSSG GKS Sineesthe infli@ NDGY typically reach only to 2025 or 2030, the Paris

' AINBSYSyid faz2 OFrffa BYNEA2&YaNRS®SEH 2 LIVEFRIzES
2 dzii  kcompatiblé trajectory to miecertury. Many countries, including the United States and

Canada, define this to mean the measures required to ach&veastan 80% reduction in
ANBSYyK2dzaS 3+ a 6DI DO SYAaarazya o0St2¢ mppn SO

The Deep Decarbonization Pathwayroject (DDPP), an international consortium of researchers

from highemitting countries, has pioneered the development of pathways, or detailed
blueprints of technical alternatives, for reaching letegm low carbon goalshis work has raised

global awdBy Saa 2F GKS (NI yafF2N¥YIFaGA2ylf ORwoyaSa N
studies by the U.S. DDPP research team, Pathways to Deep Decarbonization in the United States

[1] and Policy Implications of Deep DecarbonizatiothenUnited State$2], strongly influenced

GKS hol Yl I RYAYAail N-QerduyySadegy! foy ReépShecarpanizaiigha a A R
as well as nomovernmental efforts such as the Risky Busineg¢?2 2 SO0 Qa CNRY WwA & ]
Investing in a Clean Energy Econofiyl YR bw5/ Q& ! YSNAOIQa [/ Sty
Pathway to a Safer Climate Futy88. The report of the Canadian DDPP teamhiRatys to Deep
DecarbonizationinCanaf@]> LJ I @ SR  aAYAf Il NJ NBf S -Geyituryi KS RS
LongTerm LowGreenhouse Gas Development Straté€dly

The Paris agreement recognizdsetessential role of subnational actogsstate and local
governments, businesses, and investolsy NI I O K A y AWithirksBmerdemains, tiegel f &
actors have greater jurisdictional authority, technical kAeaw, and financial resources than
nationalgovernments, and many have pioneergdnate change and clean energy policythis
NEIFNRZ GKS adlraSa 27 GKS y2¢\NéwK YorkplisSeiNew, y A G S|
England states of Massachusetts, Connecticut, Rhode Island, New Hampshirentyema

Maine¢ have played a leading role within the United States, through initiatives ranging from New
2Ny Qa /Sy 9ySNHeE {dFyRINR (G2 DbS¢g The It yR
Northeast has embraced the lotgrm deep decarbonization objéwe, with all the individual

states adopting 80 x 50 or similar targetablel).

The present study examines what achieving an 80 x 50 target in the Northeast will entail in
concrete technical and economic termi was initiated by the Sustainable Development
Solutions Network (SDSN)-convenerof the DDPP, and sponsored by SDSN and Hydébec

(HQ).The research was conducted by Evolved Energy Research (Evolved), the technical leaders

of the U.S. DDPP teawjth contributions from SDSN and HyeQuébe®d NB &SI NOK Ay
IREQ.

The study has two main objectiv8die first is to understand exactly what an econewige 80%

reduction in GHG emissions by 2050 implies for both energy supply and energy coiesuimpt
the Northeast, with explicit sectdvy-sector and yeaby-year detail.lt is addressed through a



technically rigorous scenario analysis that compares a deep decarbonization pathway (DDP) to a
businessasusual reference case, in terms of energy nmfrastructure, and technologylhe
NEFSNBYyOS OFrasS A&a o6FaSR 2y (KS 5SLINIYSyld 21
authoritative longterm projectionof the U.S. governmenthe DDP base case for the Northeast

was developed based on the Ude senarios in Pathways to Deep Decarbonization in the

United StatesBoth the reference case and DDP base case were modified to include current
policies of the Northeast states, ranging from clean energy standards to nuclear power plant
retirements(seeTable5). These scenarios assume a status quo role for Canadian hydro, meaning

that they include existing transmission capacity and exports plus currently approved expansion
plans.

The second objective is to understand the potentalvantages and challenges of greater
coordination between the Northeast and Canada, in particular the H@rébecsystem, in
achieving the deep decarbonization goshis is addressed by comparing the DDP base case to
different scenarios of expanded NoghstHydro-Québeccoordination that also reach the 80 x
50 emissions target: KSaS aO0SylNA2&a OFNER f2y3 aSOSNIt RA
O22NRAYI GA2Yyé YAIKOG AyOf dzRSY
1. expanded exports and transmission capacity between Canada and the Northewssts
no expansion;
2. development of incremental hydro versus incremental wind resources in Canada for
export; and
3. inclusion of the PJM balancing area as U.S. participamsganded coordination, versus
inclusion of the Northeast only.
These scenariosr@a compared to the DDP base case in terms of net cost/benefits, investment
requirements, infrastructure changes, energy naimg operational changes.

HydroQuébecalready plays an important role in Northeast electricity, exporting 22 TWh
annually over mag than 4000 MW of interconnectiofhis transmission capacity allows south

to north exports at certain times to go with the predominantly north to south flow, which has
kept transmission utilization high and costs I@&everal factors make increased cooation an
interesting option.First, withinQuébecthere is significant new resource potential within close
geographic proximity to the Northeassecond, electricity systems with very high levels of wind
and solar can have energy imbalancesboth shortand long (seasonal)me scales, while the
HydroQuébecsystem, with its large reservoir capacity, has the latent flexibility to prostcid
balancing.However, expanding coordination between the Northeast and Canadian hydro is a
complex issue, which reqes indepth consideration of appropriate boundary conditions,
stakeholders, objectives, assumptions, and constraints, touching on such sensitive topics as
operational changes, transmission expansion, wholesale market rules, environmental
sustainability,crossborder and crosstate jurisdiction, and allocation of costs and benefits
among partiesAccordingly, the study is divided into two phases, which approach these issues
sequentially.

In the first phase, which the current study describes, the reseguetstion is: what are the
changes in energy, emissions, and systeicle costs and benefits of four different increased
coordination scenarios versus the base DDP scenaflt& first phase analysis has been
conducted using an energy system model called@fRATHWAYEnergyPATHWAYS has a track



record in developing other national and stdtel DDPs, and its featurgsrigorous energy
balance across all sectors and fuel types, extensive performance and vintage detail on both
supply and demand side equipntestocks, and an hourly electricity dispatcghmake it an
appropriate tool for addressing thigst phase research questions.

A key outcome of this research is determining whether the potential benefits of increased
coordination warrant further study in aecond phase which coubitidress the more complex
guestions mentioned above regarding the specifics of increased coordind@ecause the
changes from the status quo could be large, the analyses needed may include, but are not limited
to, optimal capacif expansion modeling, power flow modeling, productmst modeling,
hydrology and hydro operations modeling, and environmental impact modeling, along with
forward-looking analyses of wholesale market ryle®ssborder law and regulatiorand energy
policies2 KAt S (GKAA&A YAIKO az2dzyR RIEdzydAy3az AF b2NIK
seriously, many aspects of energy supply and end use willtbdepursued very differently. In

that context, the challenges of increased coordination with the Hy@ugbec system could

prove to be smaller than others that the Northeast will face.




Methodology

Electricity is at the center of economy wide decarbonization and undergoes transformation both
in electricitysupplyand in demandiue tonewly electrified loads While questions of increased
coordination primarily deal with the electric power sector, the overall context and goal of
exploring the broader implications of decarbonization in the Northeaguired an economy
wide model.

To provide both the energy sysh breadth and needed detail in electricity, a model called
EnergyPATHWAYS was u3dEnergyPATHWAYS is an epearce, bottomup energy sector
model with stocklevel accounting of all consuming, producing, delivering, angde&ding energy
infrastructure and was specifically built to investigate energy system transformations. The model
leaves most energy system infrastructure deployment decisions to the user; thus, it is
appropriate to think of EnergyPATHWAYS as a complexiatiog system or simulation model
that keeps track of and determines the implications of detailed user decisions.

EnergyPATHWAYS and similar bottom up models have a rich history in scenario planning
exercises. A progenitor to EnergyPATHWAYS implememtexd chfferent platform but with a

similar conceptual approach was first used in California to explore energy system transformation

[9, 10] and to analyze the U.S. in the DeBpcarbonization Pathways Projddf. Since then,
EnergyPATHWAYS has been used in the Risky Busineds Répstudies for Washington State

[11], Portland [12], the U.S. Midwest Regio(REAMP) and Mexico[13]Z | YR AY bw?9
Electrification Futures Stud¥4], as well as multiple private studies in the U.S. and Europe. What

all of these studies have in common is the use of tth@ren scenans to explore the cost,

energy, and emissions implications of different energy system decisions.

EnergyPATHWAYS Overview

Broadly speaking, EnergyPATHWAYS can be divided into a demand side and supply side, the
former calculating energy demanded (E.g. kWdcgicity and MMBtu natural gas) by different
services€.g. water heating and passenger vehicle travel), the later determining how each energy
demand is metd.g. natural gas extraction, power plants, transmission wires, and gas pipelines).
Operationallythis distinction is important in the model because the demand and supply sides are
calculated in sequence.

Beginning on the demand side, the model starts with a set of inputs termed demand drivers.
These are variables such as population or the valuadefstrial shipments and can be thought
of as the skeleton upon which the rest of the model calculations depend. Ideally, demand driver

1 The importance of setting appropriate boundary conditions for electricity in this study can be most clearly seen
when considering elecfication of heating and the impact this has on hourly load shapes. Buildings in Québec are
today primarily all electric due to a history of least hydro and encouraged load growth making the system strongly
winter peaking. Today the Northeast has sumrpeaking systems and complements loads in Québec well. This
synergy; however, does not last when considering what must happen in the Northeast to meet carbon goals. To miss
the fact that the Northeast will also become winter peaking when decarbonizingpt¢ntially overstate the value

of coordination due to incorrect assumptions about load complementarity.



projections for future years are given, but if only historical data is available, EnergyPATHWAYS
will use different regresion techniques to project each variable across all model years.

Demand drivers are the basis for forecasting future demand for energy services. For example, if
calculating the weight of laundry washed in residential households annually, a 10% increase i
the demand driver, number of households, will result in a similar increase in the service demand,
weight of laundry. Along with service demand, technology stocks that satisfy each service
demand are tracked and projected into the future. The efficierfayach stock type for providing
services is referred to as the service efficiency, fuel economy being a classic example. Total energy
demand can be calculated by dividing service demand by service efficiency and summing across
each service demand categorgferred to in the model as demand subsectors. The demanded
energy will be in one of many different fuel typesg( electricity or natural gas) depending on

the technologies deployed and will be specific to a geography, customer category, and even hour
of the year, & is the case with electricity.

Once energy use is calculated, the supptie calculations of the EnergyPATHWAYS model begin.
Mathematically supphside calculations are done with an energy input output matrix that
connects the flows of engy between supply nodes that produce or deliver energy. hguiput

tables are frequently used by economists and in-dyele assessment (LCA) work, and
fundamentally calculations in EnergyPATHWAYS are no diffdrengh with several unique
characterisics. First, the suppigide of theEnergyPATHWAY&ceeds one year at a time and

the coefficients in the inpubutput matrix are updated annually as parameters in each supply
node change. Second, in each calculation year, a detailed electricity dispatshd to inform

how much of each supply node goes into producing one unit of electricity (e.g. how much coal
vs. gas) and how much new generation, transmission, and distribution capacity is needed for a
reliable system. The inputs for electricity dispatue derived from the rest of the supply side
(e.g. heat rates of different power plants) and from the demaidke where hourly(8760
electricity profiles are produced. The electricity dispatch includes the ability to model long and
short duration energystorage, thermal resources, hydroelectric plants, renewable resources,
mustrun generation, transmission, flexible load, and electric fuel production, asdtydrogen

from electrolysis.

With the updated coefficients from the electricity dispatch and dmamn supply technology
stocks, emissions factof$5] from each fuel type by location are calculated and combined with
final energy demand to estimate emissions for future yeAtlstenewable energy sources (solar,
wind and lydro) are assumed to have an emissions factor of zero.




Figure5. EnergyPATHWAYS model flow diagram for a calculation of energy system emissions.
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The above description of methodology gives a description of the supply and desidesl of
EnergyPATHWAYS at a high lefred following section gives more detail on the electricity system
representation that was used to evaluate the benefitNofrtheastHQcoordination.

Electricity Representation

The electricity dispatch starts on éhdemandside of EnergyPATHWAYS with the buildup of
subsector and technologygvel load shapes, calibrated in a historical year to match a known top
down load shape. In future years, as the relative contributions of differentumes change, the
model wil produce different enelise load shapes. So, for example, increases in electric space
heating will cause larger winter peaks given the contribution of heating in winter hours. Likewise,
the penetration of LED lighting will reduce the niginte peak due tdheir higher efficiency, as
shown inFigure6.

Figure6 Process for constructing load shapes bottomto reflect underlying changes in the patterns for
energy service demand.
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These shsector loads are aggregated to sectors and mapped to distribution feeder types, which
are stylized representtions of distribution equipment stocks that have both a revenue
requirement and a marginal cost for increasing simultaneous peak load. In adtitibese
feederlevel loads, distributed generatiosuch ascombined heat and powerQHR and
distributedsolarPV resources is included at the feedievel.

The distribution feeder loads and resources are combined with a representation of the bulk
transmission system that has loads, generators, and transmission ties between zones. The zonal
topology used for this work is shown fiigure7. Losses and hurdle rates between zones were
used to more accurately represent transmissidlows. BecauseQuébec is its own
interconnection and DC links are necessary for power flow to New York or New England, a loss
rate of 6% was used, higher than the 4% assumed between New York and New England.

Loads and resources in Ontario were not exjhjianodeled. HistoricallyQuébecexports net
energy to Ontario and Ontario exports net energy to New York. These net energy flows were
maintained in future modeled years and scheduled endogenously, respecting existing
transmission constraints.

Figure7 Network topology in the EnergyPATHWAYS electricity dispatch optimization.
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The dispatch of generators (including hydro), energy storage, flexible load, and transmission
flows is solved in a linear optimization with a dispatchdeww of approximately one week. The




optimization minimizes the operational cost to serve load across all zones and includes penalties
on setting new distribution, transmission, or system generation peak foads

The weekly energy budgets for long duratiomeegy storage and hydro resources with inter
seasonal flexibility are solved in an initial optimization. Because of the size of the hydro reservoirs
in Québecand operational flexibility, the resource was allowed to shift between months subject
to an annuawater budget and a seasonally specific minimum generation requiremelytro

in the U.S. was constrained by monthly budgets based on historical operations and minimum and
maximum capacity constraints tied to this budgBunof-river hydro in the U.S.ral Québec

were modeled with a fixed profile shape.

Outputs from the electricity dispatch in EnergyPATHWAYS include hourly dispatch for all
generators (thermal & storagejproduction costs, transmission flows, renewable curtailment,
infrastructure requirenents to maintain reliability, and updates to the inpotitwork framework
discussed prior.

2 One purpose for separating feeder loads from the bulk power system is to realistically constrain the behavior of
distributed resources such as flblé load to provide balancing at the system level since such loads may be
constrained on the distribution level.

350% of nameplate minimum generation requirement @uébecdispatchable hydro iMay and June, an80% in

all other months



Scenarios

Seven scenarios are used to explore the implications of deep decarbonization and then the
costs and benefits of increased coordination, showRigure8. The scenarios are organized into
four quadrants (shown in different colors). The two axes that create the quadrants are the
degree to which the energy economy is decarbonized, and the degree of coordination between
the Northeast andHydro-QuébeqNEHQ). Costs and benefits are calculated by comparing one
guadrant to another, with each comparison answering a different set of questihmsoted
previously, the terntoordinationis used broadly to refer to both an ire@ase in coordinated
infrastructure (new transmission or resourceJnébeco serve U.S. load) and changes to
operations to reduce total system cost.

Figure8 Scenarios to assess the costs and benefits of Northeast U.S. ctordimith Québeaunder a
variety of sensitivities including deep decarbonization pathways (DDPSs)
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Within the scenario matrix shown Irigure8, the natural place to begin descriptions is with the
Reference scenario (a), whichbiased on the® L ! Q aAnnual Energy OutlodlAEO)16] with

select updatesas described ifTable5. The Reference scenario is designed to represent current
energy policy in the U.S. All other studysarios start with the Reference scenario (a) and then
introduce changes on both the supply and demand sides of the energy system that get tracked
using EnergyPATHWAYI@ble 4 lists the similarities and differences between sceos by
category. Most inputs and assumptions are common across all scenarios, only the deployment of
technology and infrastructure differ.



Table4 Contrasting similarities and difference between scenarios

Differs
across
scenarios

Constant
across
scenaros

Drivers of energy consumption (e.g. population)
Energy services (e.g. vehicle miles traveied)
Technology cost and performance

Initial infrastructure & initial technology stocks
Electricity dispatch settings (elgurdle rates)
Technology sales shares (e.g. heat pump sales)
New energy infrastructure (e.g. newansmission

A summary of assumptions for the Reference scenario and the Reference with Expanded hydro
scenariogs shown inTable5. In Scenarigb) NortheastHQ transmission ties are increased by 9
GW and an additional 30 TWh/year of hydro is builtQunébecfor export. The increase in
resources for export start in 2025 and grow linearly to 2050, showFigire9. By comparing
scenario (a) with scenario (b) the GHG reduction from coordination rundeent policy is
calculated.These values are input assumptions to the modeling and are not a result themselves.
Each waselectedafter soliciting inpit from external advisors and after some modeling iteration

to ensure the transmission ties were appropriate for the quantity and pattern of energy exports
in a high renewables scenario.

4 Equal energy seices between all scenarios is a design principle used in the original U.S. DDPP scenarios to show
that deep decarbonization is technically achievable without relying on conservation measures that are difficult to
cost or validate in a modeling context.



Table5 Summary of assumptions for the scéna representing current U.S. climate policy.

<ersssssssmssssmsEssEEnnns Current U.S. Climate Po||cy. ........................ >

(a) Reference (b) Reference with Expanded Hydro
HQ exports to Northeast 2015} Hydro=22.4 Hydro=22.4
(TWHhyr) 2050} Hydro = 22.4 Hydro = 52.4

Existing capacity: 4,115 MW | Expandedcapacity:

2015 = 4,115; Post 2025 =

HQ interconnectiortapacity to 6,115; Post 2030 = 7,205; Pogt

Northeast (MW) 2035 = 9,205; Post 2040 =
11,205; Post 2045 = 13,20

+9,000 MW export capability

Northeastinter-connection cap. Existing3,075 imports, 1,500 exportsconsistent with NY lonterm
to PIM & MISO (MW) planning assumptions
Nuclear Fleet (MW) AEO 2017 projections* reflect Indian Point 2 & 3 retirements in 2020 &

2021. Capacity of 9,500 MW in 2015 decreases to 5,100 MW by 2050.
*1 df{ & 5 S LI NI YABnaal Engrgy Odthdk REAR QX

N)

Northeastnon-hydro renewable | -b , Q& / € Sty 9y SNH& { Gl yRINR 06pE:
energy(% of totalgeneration) -NY and Mass. Offshore Wind Mandates (2,400 and 1,600 MW, respective

Eighthour bulk battery storage

(MW) None

Figure9. Expanded HENortheast coordinatiotransmission buildExisting transmission capacity is
increased by a factor of 3.2 by 2050, starting in 2025.
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Load inQuébecwas assmed in all scenarios to groly 0.42% per year for a total increase of
28.7 TWh between 2015 and 2080/7]. HydroQuébecwas assumed in the modeling to build
resources in the Reference and Base DDP scenarios to both sagshainbads and to maintain
netexportsto the regionat present day levels (22.4 TWh). It was assumed through a combination




of efficiency improvements on existing hydro generators and expected rainfall increase by 2050,
due to climate change, a total o6ITWh new hydro energy was possible at low cost and with no
new impoundmentg18]. In scenarios a, ¢, d, & f the remainder of energy to serve internal load
came from onshore wind, and thus none of these scenarios were assumsghtire new
impoundments. Scenarios b, e, & g require new hydro from b#hsaBshown inTable6.

Table6 Assumed dispatchable hydro potential and dosDuébeé

Hydro Bin Potential Levelized Fed Cost Levelized Cost of
(TwWh ($/kW-yr) Electricity ($/kwWh)
1 157

Qurrent: 106 Qurrent: 0.02
Post-2030: 133 Post 2030: 0.025
2 10 372 0.07
3 10 531 0.10
4 15+ 690 0.13

The Deep Decarbonization Pathways (DDPs), which make up the bulk of the scenariothmat
stated GHG reduction ambition for most Northeastern states shownabiel. As noted, the
steps for decarbonizing the economy are colloquially known aghie pillarsand have been

well documented in past studiddl, 9, 1, 12]. In brief, these pillars are: (1) using energy more
efficiently; (2) switching energy eagses from fossil fuels to electricity or electricity derived fuels
(3) switching to zer@arbon electricitysources. Each pillar is mutually supportiogenergy
efficiency reduces costs and the scale of infrastructure build that would otherwise be required
fuel switching reduces direct GHGs from transportation, buildings, and industry that are large in
aggre@te ¢ and carbon free energy in electricity eliminates upstream emissions from
electrification. Together they create a cohesive strategy to meet 2050 (and beyond) GHG
reduction goals, and based on this and past studies, without need for early retiremehtsitn
reasonable codftl].

Within the threepillar framework, multiple different technology pathways exist that reach
carbon reduction target$l]. For this study, a single technology pathway hlighted and
sensitivities with respect to NortheastQ coordination conducted. The Base DDP was designed
to be the technological and political frontrunner among stakeholders and is characterized by high
wind and solar penetrations with energy storagettbey electric vehicles in transportation, and
electrification of heating in buildings using heat pumps. Biomass supplies are used to partially
decarbonize the pipeline to provide a low carbon fuel for industry & electricity and to create
biodiesel for havy duty transportation. We note here that this represents one of many possible
technology pathways to deep decarbonization and each will show a different set of benefits from

5 Current dispatchable hydro is 144 TWh. The remainder of hydro bin one requires no new impoundments but
instead comes from efficiency improvements and a wetter climate by 2050.

6 Pipeline gas and diesel fuel usage remains too large for available bionwssptetely displace.



NortheastHQ coordination. A further phase of this work could be used to expi@®e in more
detail’.

The detailed summary of DDP scenario assumptions are shovabliey. Scenariogd) through

(g) are NortheastHQ coordination sensitivities on the Base DDP scenario (C). For all DDP
scenarios, the stepsken to decarbonize the demarsside are identical with benchmarks for the
most important subsectors shown below and discusseth&éDeep DecarbonizatioBcenario
Results

All expanded coordination scenari@®) through (gjnclude 9 GW of expanded transmission by
2050, matching the magnitude and timing of expansion in the Reference with Expanded Hydro
scenario and shown iRigure9. Each coordination sensitivity instead differs with respect to the
type o resources built iQuébec

The Expanded Wind scenario includes 30 TWh of new wind exports. The Expanded Hydro and
PJM Coordination scenarios both involve an equal amount of energy exports, but from new
dispatchable hydro. The Transmission Only scenast@ad keeps existing net energy exports
from HydroQuébedmatching the Base DDP) but still adds the new transmission, the purpose of
which is todeterminethe value of balancing high levels of renewables using both imports from
and exports to HQ abseany additional energy.

The PJM Coordination scenario is distinguistitedugh an additional 3 GW of import/export
capability between NY and PJM. The purpose of this scenario is to show how the benefits of
increased NortheastHQ coordination change as coraping transmission ties between the
Northeast and the rest of the U.S. are strengthened.

 Alternatives that maintained more electricity supply flexibility (nuclear or carbon capture and storage) or
introduced higher demand for seasonally flexible loads (hydrogen electrolysis) would help reduce the need for or fill
the niche that HydreQuébec coordination plays in scenariog.dSuch scenarios could be more costly, risky, or
deemed worse for other reasons, and thus, may be less optimal overall.



Table7 Summary of assumptions for the deep decarbonization pathways scenarios.

(c) Base DDP

(d) Expanded Wind (e) Expanded Hydrc (f) Transmission Onl (g) PIM Coordinatior,

HQ exports t 2015 Hydro=22.4 Hydro=22.4 Hydro=22.4 Hydro=22.4 Hydro=22.4
Northeast 2050 Hydro =22.4 Hydro = 22.4 Hydro =52.4 Hydro = 22.4 Hydro = 52.4
(TWHyr) Wind =30

HQ Existingcapacity: Expandedcapacity:

interconnection 4,115 MW 2015 = 4,115; Post 2025 = 6,115; Post 2030 = 7,205; Post 2035 = 9,205; Ho
capacity to 2040 = 11,205; Post 2045 = 13,20

Northeast (MW) +9,000 MW export capability

Northeastinter- Existing 3,075 imports, 1,500 expoctsonsistent with NY lonterm planning Additional 3,000
connection capto assumptions MW of
PJM & MISO (MW, import/export

Nuclear Fleet

AEO 2017 projections* reflect Indian Point 2 & 3 retirements in 2020 & 2021. Capacity of 9,500 MW in

hydro renewable
energy(% of total
generation)

Onshore = 15%

Offshore = 48%
Solar PV 45%
Subtotal =78%

Onshore = 15%

Offshore =40%
Solar PV 5%
Subtotal

Onshore = 15%
Offshore = 48%

Solar PV 345%

(MW) decreases to 5,100 MW by 2050.
* d{ & 535 LI NI YA8naal Engrgy Oathdk REEE Q3
Northeastnon- Wind - Wind : Wind : wind :

Onshore = 15%
Offshore =40%
Solar PV 45%

Z0%

Subtotal

=78%

Subtotal Z0%

Eighthour bulk
battery storage
(MW)

NYISO = 15,000 MW
ISOGNE = 15,000 MW
Total =30,000 MW

Commercial space heating 59% of 2050 service met with electricity vs 45% in scenario (a) referer,
Residential space heating 42% of 2050 service met with electricity vs 14% in scenario (a) referenc

(@]

Space heating

Commercial water heating 90% of 2050 service met with electricity vs 7% in scenario (a) referenge

Water heating

Residential water heating 92% of 2050 service met with electnisi§2%n scenario (a) reference

Vehicles

80% battery electric vehicles (BEV), 20% plug in hybrid electric vehicles (PHEV) for 2050 LDV st

59% BEV for 2050 MDV stock
57% BEV for 2050 HDV stock

o

The final feature of DDP scenarios with expan@eetbecresources for exportsd;, e, and g is
the reduction in offshore wind in New England and New York that is displeesheced from 48%
to 40% of the total generation mixwhich represents the most expensive portion (further along
the supply curve) of offshor&ind resources in the Atlantidhequantity of onshore wind is at

its achievable potentidll9] and remains constant, as does solar PV. Even after being reduced,
offshore wind is the largest source of electrical energy, anddcpresent a major deployment
challenge across all scenarios.

The cost of offshore wind has two components in the modeled scenarios. First is the base cost of
the turbines themselves and second is the cost to provide interconnection with load. The source
of cost estimates for the base capital costshe NREL Baseline Cost and Performance Data for
Electricity Generation Technologies showirigurel10 [20].




Figurel0 Assumed offshore wind cost through 2050 vintage
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Technology Vintage
The nterconnection cosis reflected in a supply curve from EPA MARKAL produced using GIS
Fyrfeaira FNRY bw9[ ® ¢KS dzyRSNI@Ay3d GNIyavYAaaa
Electricity Futues Study21] and are shown iffable8.

Table8. Transmission component cost assumptions (2005 dollars)

Cost Category Cost Unit

Base Transmission Cost | 2,170 $/MW-mile

Grid @nnection Cost 103 $/kwW

Connect to: Substation |23.1 $/kwW

Connect to: Load Center | 23.1 $/kwW

Connect to: Trans. Line | 35.6 $/kW

All renewable profiles are simulated to match load data from a 2011 weather year and come
FNRY bw9[ Q& 2 Ay Ronat SoRufRhdiation PajaBasell KS b | (i




Deep DecarbonizatioBcenario Results

This section summarizes the emissions, energy demand and energy supply results for the
Reference and Base DDP scenarios, which project busisessial levels of coordination

betweenl v. ' YR GKS b2NIKSIFaGdd® 2SS RSAONAROGS GKS (N
system to achieve steep reductions in energlated CQ@emissions, and present detailed results

of the electricity system, including installed capacity, load and hourly ojpeisati

Emissions

Figurell summarizes energgelated CQ emissions results in 2050 for New England and New

York. Although existing energy policies in the Northeast support renewable resource
development, emissions in the RefererCase for both regions are substantially higher than the
aGdzReQa DI D GFNBSG oyn G2 yp LISNOSyid NBRdAzOUGA 2
grey band in the figure. The Base DDP Case reduces emissions in both regions to levelstconsiste
withtKk S a0 dzRéQa DI D GFNBSGO®

Figurell. Energyrelated CO2 Emissions by Scenario in 2050
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Emissions reductions in the Base DDP Case follow the suite of strategies deployed across the
energy supply and demand sectors, including: (&rgy efficiency; (b) switching endes from

fossil fuels to electricity; (c) decarbonizing electricity generation; and (d) reducing the carbon
intensity of liquid fuels with bioenergyhese strategies are apparentiigurel2, which shows
CQemissions in the Northeast by energy type over time. In the Base DDP Case, eleetataty



emissions decrease as onshore wind, offshore wind, solar PV and hydroelectric resources are
deployed at scale and integrated into New York andsNe9 y 3f | yYRQ&a St SOUG N
Electrifying space and water heating in buildings results in a decrease in pipeline gas emissions,
while the large decline in gasoline emissions by 2050 is a result odligytvehicles running

almost entirely on electrity. Emissions from diesel are eliminated by 2050 through a
combination of: (a) switching fuel oil for space heating to electricity; (b) adopting diesel hybrid
heavyduty vehicles; and (c) using renewable diesel to supply the remaining demand for diesel

fuel.

Figurel2. Northeast Energyelated CO2 Emissions by Fuel Type
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Reference Case final energy demand is projected to increase from approximately 5,800 TBtu
today to 6,100 TBtu in 2050, a 6 percent increase, as/shin Figurel3. Drivers of energy use,

such as population economic activity, all grow through 2050, but their impact on energy
consumption is moderated through baseline efficiency improvements. Final energy demand in
theBase DD / A4S A& oXtnn ¢.{0dz 6& wnpnX HKAOK Aa
reduction is a result of energy efficiency and fuel switching strategies deployed across all sectors

of the economy.



Figurel3. Northeast Final Enerdyemand

Reference Base DDP

2017 2050 2017 2050

6,000

5,000

4,000

3,000

Trillion Btu (TBtu)

2,000

1,000

o

Figurel4 shows energy demand disaggregated by final energy type, including electricity, pipeline

gas and various petroleum products. In the Reference Case, gasoline consumption decreases over
time due to fuel economymprovements, which helps offset growth in demand for other fuels.

9f SOGNAROAGE O2yadzYLIiA2y R2dzoft Sa o0& wnpn NBEI
due to the electrification of: (a) passenger transportation; and (b) space and water heating in
residential and commercial buildings. As a result, gasoline and pipeline gas consumption
decreases by approximately 90 and 60 percent respectively by BP&sBand for diesel, a liquid

fuel primarily used for residential space heating and freight transgimm, declines by 60

percent by 2050 relative to today.




Figurel4. Northeast Final Energy Demand by Fuel Type
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Changes to the total and composition of energy demand over @ineea result of the physical

stock of demaneside euipment in the Northeast turning over to leearbon and efficient
equipment. The figures below illustrate the evolution of the equipment stockliefid side) and
energy demand (righihand side) for residential space heating and Hdtty vehicles in th deep
decarbonization caseBigurel5a K2 ga (G KS (N} yaAdAzy F2NJ NBaARSy!
equipment stock is largely gasnd distillatefired furnaces and radiators. The primary
decarbonization strategy is to swit from fossil fuefired equipment to electric airand ground

source heat pumps, which currently have relatively low penetrations in the Northeast. The total
residential heating stock is approximately eqearter electric by 2030, twthirds by 2040 and
nearly 90 percent by 2050. Overall energy demand for space heating declines due to the higher
efficiency of heat pumps relative to furnaces and radiators.




Figurel5Base DDP Case Residential Space Heating Transition
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Figure16 shows the transition for the lighduty vehicle fleet, which today is overwhelmingly
gasoline internal combustion engine vehicles. By the-20i80s, 80 percent of lightuty vehicle

sales are battery electric vehicle (BEV) and 2@qrd are plugn hybrid electric vehicle (PHEV).
However, there is a lag between vehicle sales and the composition of vehicles on the road, and
the stock of lightduty vehicles is not entirely BEV/PHEV until 2050. Electrifying passenger
transportation resilts in almost zero petroleum consumption by 2050, and overall energy
demand is less than orthird of today due to the efficiency of battery electric powertrains
relative toan internal combustion engine.

Figurel6. Base DDP Cak@ghtDuty Vehicle Transition
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Electricity

Load

Figurel7 compares the trajectory of retail electricity scales for the Reference Case against the
Base DDP CasRetall electricity sales in this figure are shown by demand sdbtatdings,
industrial and transportation) and they account for electrification, energy efficiency and behind
the-meter generation. Reference Case electricity sales grow by approximately 0.2 percent per
year from 2017 to 2050, reflecting a continuationstdignant load growth experienced in recent
years. In contrast, electricity sales grow by more than 2.0 percent per year in the Base DDP Case
due to the electrification of transportation and space and water heating in buildings.

Figurel?7. Northeast Retail Electricity Sales
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In addition to increasing overall load requiremerggectrification in the Base DDP Case changes
the seasonal characteristics of electricity consumptibigure 18 showvs monthly electricity
consumption for the years 2020 and 2050 in the Northeast. Today, electricity consumption is
highest during the summer due to air conditioning loads, but the transitmm natural gasand

fuel oilired furnaces to electric heat pops results in a dramatic increase in wintertime
electricity consumption. Other uses of electrification, particularly electric vehicle adoption,
increase overall load requirements, but they do not have as strong a seasonal effect as space
heating. By 2050he seasonal shape of electricity consumption in the Northeast mirrors that of
Québec, which already reli¢argelyon electrigty for heating.



Figurel8. Base DDP Case Monthly Electricity Consumption for the Northeast
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Peak denand for the ISONE and NYISO electricity systems substantially increases by 2050 in the

Base DDP Case, as showigure19d ¢ KS wnpn aeadsSy LISI] Aa Y2N
demand, and the season where the highest load Booccur shifts from the summer to the

winter (seeFigure20). The growth in annual energy and peak demand in the Northeast highlights
several electricity system planning dynamics in pursuit of realizing deep decarbonization goals.

First, annual energy requirements require carboge electricity supply beyond what is needed

under a businesasusual load forecast. Second, growth in peak demand requires additional
resources to achieve resource adequacy. Third, the shift in the seskere peak demand is

realized emphasizes the need for resources that are available to generate during winter cold
spells.




Figurel9. Annual Peak Demand
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Figure20. Northeast Hourly Load, Primary DDP
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Resources

Figure21 shows the 2050 generation mix by technology, including: (a) generation from supply

side resources located in the Northeast; (b) discharge from pumped hydro and battery energy
dG2N)F 23S NBa2dzNASE 06 AT AINIST D 2L KSK IANUT YR 600
AYGSNOD2yySOGSR NB3IA2ya olvy L9{h YR tWaod ¢
approximately double Reference Case levels primarily due to aggressive electrification described
above. h addition, generation excesdransmissiodevel load, because a portion of generation

is eventually curtailed due to the very high levels of inflexible resources (wind, solar, nuclear).
Approximately eight-five percent of the generation mix ompletely carbonfree, but, since

half of the fuel input for thermabenerationis renewable natural gas (RNG), more than 90

percent of generation produces zenet-CQ emissions.

Figure21. Northeast Electricity Generation by Technolmg®050
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capacity requirements are three times higher in the Base DDP Case relative to the Reference Case
due to: (a) increased energdemand from electrification; (b) growth in peak demand, which

requires additional peaking thermal capacity that operates infrequently; (c) relatively low
capacity factors for renewable resources, particularly solar PV (i.e., less than 20 percent); and (d)
battery energy storageesources to integrate generation from inflexible resources. Offshore

wind capacity is more than 72 GW by 2050, while the installed capacity of-atiitg and rooftop

solar PV resources increases to nearly 100 GW.




Figure22. Northeast Installed Generation Capacity, 2050
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Figure23to Figure25showsdispatch profiles by season and hour for the Base DDP Cag&dn 2
where the top panel of each figure shows the average electricity consumption and the bottom
panel shows average generati®ithese figures illustrate how electricity demand and generation
vary across seasons, and periods where inflexible generatiaeeeds load, resulting in
curtailment. In New England and New York, loads are highest during the winter due to the
electrification of space heating, but generation from wind, solar and hydro resources during the
season is insufficient to meet demand intadlurs, resulting in thermal resources operating during
most hours. In contrast, thermal resources operate infrequently during the spring and fall,
because load is relatively low and renewable output is high, which results in pervasive
curtailment of renewale generation (red portion in the top pan@&yen after accounting for the
flexibility provided by various balancing resources, such as 30 GW of energy storage New
England and New York.

8 Seasons are defined as: Winter is Decentiéebruary; Spring is MarchiMay; Summer is June August; and Fall
is September, November.



Figure23. New England, Base DDPs€&2050
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Figure24. New York, Base DDP Case, 2050
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Figure25. Québec, Base DDP Case, 2050
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ExpandedCoordination Scenario Results

Overview

This section summarizes results for scenarios exbpandedcoordination between HQ and the
Northeast. We report results for the electricity system, as well as economic cost and benefits
results for four deep decarbonization cases that incorporate expanded transmission and/or
resources, including:

Expanded Wind &e 30 TWh of new onshore wind resources are developed in

Québec;

Expanded Hydro Cas80 TWh of new hydro resources are developed in Québec;
Transmission Only Casenly transmission capacity is expanded without any
correspondingiew, clean electricity gneration on the Québec side; and

PJM Coordination Cas&0 TWh of new hydro resources are developed in Québec, and
the Northeast similarly pursues coordination with PJM through an additional 3,000 MW
of transmission capacity

All four scenarios reduce ersisns in New England and New York to levels consistent with the
addzReé Qa DI D 1 IFiydESsi0utsideDf the Kl€cwigity skcibr, energglated CQ
emissions are equivalent in the increased coordination scenariohea8ase DDP Case, and
energy demand across all fuel types reportethia sectionabove is also the same. The scenarios
are differentiated by their impacts on electricity supply, system operations and economic
outcomes, which are described in detail below.

Figure26. Energyrelated CO2 Emissions in 2050 (MMTCO2)
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Electricity Sector

Figure27 compares electricity generation in the increased coordination cases against the Base
DDP Case. As the figure shows, total generation in the increased coordination cases is lower than
the Base DDP Case despite the increase in immhrésto lower curtailment For example,
generation in the Expanded Wind Case is approximately 20,000 GWh less, and the other scenarios
with resource expansion in Québec (i.e., Expanded H¢erand PJM Coordinatio(g) cases)

show the largest decrease in overall generation, drivgnldéss offshoce wind and thermal
generation.

Figure27. Northeast Electricity Generation by Technology in 2050

The decrease in overall generation requirements mirrors the change in total curtailment, as
shown inFigure28. Scenarios where both transmission ageherationresources are expanded
translate into lower curtailment relative to transmissionly expansion, because the additional
resources in Québec provide both resource diversity (i.e., trddexifveen offshore wind in the
Atlantic and onshore wind in Québec) and system flexibility (i.e., dispatchable hydro resources),
which allows for the Northeast to decrease the supply of inflexible generation.




















































