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Emission Scenarios (CO, and other GHG)
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Net Zero

Fuels and other
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Northeast Decarbonization

_ Under 2° Coalition: 80-95% GHG
reduction below 1990 level by 2050 +

real policies

Real policies in the Northeast:

"|* Renewable Portfolio Standards (RPS)

e Cap-and-trade: RGGI + WCI

e Clean energy funds

* New York’s Reforming the Energy
Vision (REV)

* Massachusetts Clean Energy RFP

Under2mou (2017)



GHG Emissions Reduction Targets 2030 / 2050

Quebec

37.5% / Net-zero

Ontario
37% 1 80%

New York
40% / 85%

Note: GHG emissions targets are measured below 1990 levels
except for * (below 2002 levels) and ** (below 2005 levels)

Atlantic provinces

NB: 35% / 80%*

NL: 30%** / 75%*
NS: 53%** / Net-zero
PEI: 40%** / Net-zero

New England

CT: 45%* / 80%*
MA: 50% / Net-zero
ME: 45% / Net-zero
NH: 20% / 80%

RI: 45% / 80%

VT: 40% / 85%

Sources: C2ES - the Center for Climate and Energy Solutions - for US and Canada GHG Emissions Targets (2021); Energyhub - Clean Energy Targets Canada (2021); National Conference of State Legislatures (NCSL) -

State Renewable Portfolio Standards and Goals (2021)

Bouchet & Pineau (2022) State of Energy in Northeastern North America



States with Statutory GHG Reduction and
Reporting Requirements and Market-Based Policies

Reduction and Reporting Requirements Market-based Policies
Gray = no requirement Gray = no policy

Shields (2021) 8



How are we going to decarbonize and electrify?
(Nobody has done it!)



2. Models



New York

Pathways to Deep

Decarbonization in New

York State Climate Change Impact and
Resilience Study — Phase Il
An Assessment of Climate Change
Impacts on Power System Reliability in
New York State

June 24, 2020

FINAL REPORT

Authors:

Paul J. Hibbard
Charles Wu
Hannah Krovetz
Tyler Farrell
lessica Landry

September 2020

@ Energy+Environmental Economics

NYISO Grid in Transition

ANALYSIS GROUP

Study

DETAILED ASSUMPTIONS AND MODELING
DESCRIPTION
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PRESENTED BY
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Samuel A. Newell
Jurgen Weiss

Jill Moraski
Stephanie Ross

March 30, 2020
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Massachusetts

A report commissionad by the Massachusetts Executive Office of
Energy and Envi Affairs to identify frective and
equitable strategies to ensure Massachusetts achieves net-zero
greenhouse gas emissions by 2050,

;/\e

)
env\®

Prepared in aceordance with
Section 162-3a of the Connecticut
General Statutes

Integrated
Resources
Plan

' Pathways to achieve a
| 100% zero carbon
electric sector by 2040

Connecticut Department of Energy and
OCTOBER 2021 Environmental Protection

Energy Pathways to Deep
Decarbonization

A Technical Report of the Massachusetts
2050 Decarbonization Roadmap Study
December 2020 g
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Québec

GOl final
FRENEGTOIRES DE REDUCTION D’EMISSIONS

S U QUEBEC - HORIZONS 2030 ET 2050
(Mise & jour 2021)

Préparé pour: ==t

MINISTERE DE L'ENVIRONNEMENT ET DE LASLUTTE
CONTRE LES CHANGEMENTS CLIMATIQUES

Juin 2021

+ Hydro-Québec’s Supply Plan 2022-2029

Dunsky & ESMIA (2021)

Trajectoires de réduction d’émissions de GES du Québec — Horizons 2030

et 2050 (Mise a jour 2021) — NATEM model

Technologie

«Attributs économiques
«Attributs techniques

*Coefficients d'émissions

Economie

|

*Demandes pour les services
énergétiques (utiles)

«Elasticités-prix des demandes

«Prix des commodités importées
et exportées

*Courbes d'offre — réserves
fossiles et potentiels
renouvelables

*Taux d'actualisation

—»> TIMES <+—

Politiques

*Cibles sur les GES
*Taxes, subventions

*Mesures sectorielles

Equilibre partiel

*Plan d'investissements et activités annuelles
«Trajectoires d'émissions de GES
*Ajustements des demandes utiles

*Prix marginal de toutes les formes d'énergies et
autres commodités

«Importations et exportations d'énergies et de
permis d'emissions

+Colt total actualisé du systéme énergétique

+ QC Environment Ministry’s “Green Economy Plan 2030” (Plan pour une économie verte 2030) 15




Energy and Environmental Economics (2020) Brattle Group (2020)
Pathways to Deep Decarbonization in New York State — NYISO Grid in Transition Study - GridSIM
PATHWAYS model

Demand-Side Module I | Electricity Modules
«  Economy-wide accounting of energy supply  mecwicity*  Effective load carrying capacity by resource -
and demand ;"“"””‘: *  Co-optimization of electricity system Inputs GridSIM
o : ‘oreca 2 .
* Detailed tracking of demand-side foy ye ,-,f.- investments and operations to meet forecast 0 t. . t.
infrastructure through stock rollover demand Supply p Imization Annual Investments
v Constraints on reliability and policy Existing resources Engine e e i
p Fuel prices
= Investmentffixedcosts | ST mEmEmETe
Ty Variable costs Objective Function :
§ Hourly Operations
f. Demand Minimize NPV of Investment&
; : Operational Costs
Represe ndtatlve gav hourly System and
eman i
il Customer Costs

Capacity needs

Demand for bioenergy Cost of bioenergy Cost & avaliability of pipeline biogas, riciSIM
by fuel type) (by fuel type) A electric lood from synthetic fuels, DAC L . | e

. . z Sransmission Constraints Supplier Revenues
Low-Carbon Fuels and Negative Emission Technologies (NETs) o S T pPErE
* Potential bioenergy supply curves match feedstocks to bioenergy : Intertie limits Operations
products with least cost conversion processes . . +  Capacity Emissions and Clean
*  Flexibility in screening of biomass feedstocks based on geography r,-I—"f Regulations, PCII|ICIES, +  Energy Energy Additions
and sustainability or land-use criteria 2 » _r—’dI Market Design : Ancﬂfary e .
*  Production of synthetic fuels from hydrogen and direct air capture ; ' 2] d Capacity market : ggfzﬁt;%ﬁ;::g}gfgz;?;ﬁ e Marker Prices
*  Direct air copture (DAC) of CO, : Carbon pricing = Transmission Constraints
*  Biorefining with CCS (BECCS) ReosuremeEnt iopaates

13



Evolved Energy Research (2020)
Energy Pathways to Deep Decarbonization — Energy Pathways model
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North America

:INREL

The .North American
Renewable Integration Study:
A Canadian Perspective

SCENARIO CREATION MODELS DETAILED SCENARIO ANALYSIS TOOLS

CAPACITY Wit fens buii OPERATIONAL (PRODUCTION) MODEL:

E‘XCI;’SENEION Anclwhere? Energy Exemplar PLEXOS

NREL ReEDS

wind balance?

Operational analysis: unit commitment and
dispatch at 5-minute resolution Staidiinie

water ¢ Transmission and

: : operations
generation buildout :

RELIABILITY MODEL:

SCENARIOS NREL PRAS

solar

DISTRIBUTED
GENERATION
thermal MODEL:
i NREL dGen

Detailed resource adequacy analysis

reliable?

DEEPER ANALYSIS:

POuE Behind-the-meter How is reoftop Electrification (hourly profiles), generation siting

system buildout PV adopted?

Gregory Brinkman,' Dominique Bain,' Grant Buster,” Caroline Drad,' Parttosh Das, Jonathan Ha,"
Eduardo Ibanez? Ryan Jones* Sam Koebrich,' Sinnott Murphy, Vinayak Marwade,” Joshua Novacheck,!
Av Purkayastha, Michael Rossol! Ben Signn, Gord Stephen,and Jlazi Zhang®

" Mational Remewable Energy Laboratory
==E Energy

? Bvolved Energy Research 2 O 2 1
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Key Features to Consider

* Region of interest: city, state/province, region, country, continent?

 Demand profile:

* How are heating, water heating, cooling, EV charging, industry consumption, etc.
going to evolve?

* How to make demand price responsive?

* Renewable generation costs and profiles:
* How will future cost evolve?
* What wind/solar profile should be used?

e Storage: short-term, long-term? Hydro reservoirs?

* Network representation:
* Level of details (transmission / distribution)?

* Simple transportation network representation or real physical constraints (Kirchhoff's
laws)?

* Objective? Cost minimization? Current or future? Equilibirum solution?



My own insatisfactions with previous
approaches

* Region of interest: not regional enough (e.g. Canadian + US Northeast)

* Demand profile: energy efficiency impacts largely unexplored

* Renewable generation costs and profiles: little sensitivity analysis
 Storage: Hydro reservoirs not always included

* Network representation: Role of transmission interties often overlooked

* Objective: Decarbonization costs not presented or highlighted. Cost
allocation not discussed.



Northeast Power Coordinating
Council (NPCC):
one Regional Entity of the
North American Electric
Reliability Corporation (NERC)

18



Northeast: Popu
intensity and res

26 g/kWh Ontario
7.8¢/kWh 14.6 M
148 TWh

New York /A—‘i ;
186 g/kWh 19.5 M o

23.7¢/kWh 132 TWh

ation, Generation, carbon

idential price (USS)

Storage
176 TWh

g
Atlantic

2.4 M
65 TWh

Québec
8.5M
191 TWh 171 g/kWh
1 g/kWh 11.9¢/kWh
5.1¢/kWh

14.8M 220 g/kWh
100 TWh 24.1¢/kWh

19
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3. Some of our results



Some publications
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NORTHEAST DECARBONIZATION
OPPORTUNITIES AND CHALLENGES OF

REGIONAL ELECTRICITY SECTOR INTEGRATION

FOR HIGH RENEWABLE PENETRATION

NORTHEAST ELECTRIFICATION AND DECARBOMNIZATION ALLIANCE
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Energy Folicy 1

‘Contents lists available at ScienceDirect

Energy Policy

ELSEVIER journal hitp: Wilooatefen pol

Deep decarbonization in Northeastern North America: The value of
electricity market integration and hydropower
Jesiis A. Rodriguez-Sarasty , Sebastien Debia , Pierre-Olivier Pineau

Diuartment of Decision Sciences, FEC Mosstreal, 3000 Cherin de [ Cite- Seinde-Catherine, Mosriol, 0 HST 247, Gemada

ARTIGLE INFO ABSTRACT
Fiywordb: In several ccumtries, electricity systems are under srong decarboniztion pressure. In pasticalar, the Canadian
Elmasiity wrar inigtio provinees of Quebec and Ontaro as well &5 the states of the northeastern United States have commired 1o ot
[——

thelr greenheuse embssions by mare than 70% (with respect to emdssion Jevels of 1990). Increased collaboration
and Integration between furlsdictions could decresse such decarbondmtion coms, especially when Important
bydrapower resources ae vallable

Usirg a capacky expansion and dispatch model of the Northeastem North American electricity sector, we
analyze the impact of emissicn reduction targess, load levels and avallabllity of power technologhes in & range of
scenrios, In crder to assess the benefits of reglonal coopemton. Our results show that for deep decarbantzation,
the electricity symem costs can be significantly reduced through integration, espectally by adding mere Inter-
conpection capacity. These comts savings and benefits ae however pot eventy allocated berween jurisdictions,
creaing potentially difficult collaboration incentives.

Hiplegeres
Hertlmasters Nty Assrsicn

1. Introduction ng institution, the Northeast Power Coordinating Council

1, but they atherwise plan their respective powes systems in

‘Emission pathways consistent with 1.5 °C (or 2 °C) global warming
n-q.m reaching net zero emissions by 2050 (or 2070), according to
19). Sach level of decarbonization will require profound

ted Staves and Ontaric and Quebec in
g 1. In additicn to state-bevel clean energy

= in New York, Maine and Connecticut, several local govemments
England have committed to 100% clean or renewable enengy

ull et al, 2019). Such decarbonization initiati
regional carbon cap-and-trade mark
tricity sector in the Northeastern states of the 1S,
the Canadian proviness of Guebec and Nova Scot
ever, cobperation in the North American northeast electricity sector has
been mostly lmited to bilateral frade of surples power (CEA .
While the region includes five areas (New York, New England, Ontario,
Queber and the Atlantic provinces), there are carrently mare than five
very different electricity market designs. They share one reliability

* Correspending muthor.
E-mail addresses

hetpe:/fdodarg/10.100 1210

5 (1. Rodripuer-Sarasty), seb. debiad

almost complete integration benefit
patential.

Tn this multi-region setting, electricity market integration and
coaperation can oecur in multiple ways, for example, trough coordi
nated capacity plarning, pocled capacity resources or electricity trade
Such coeperative actions can support the transformation of pawer sys
tems o ackieve decarbonization goals, through

« Access to low-cost renewable enengy across regions.
« Economies of scale in 'I;ugrﬂpanry investment projects.

+ Moce efficient power dispatch (Newbery et al,, 2016).

in @ wider territory (Rabar

« Load blancing and smorihee Publiales

‘This paper illastrates the value of electricity market integration in a
context of & region strongly commited 1o deep decarbonization. It aiso
explares the enabls i such zation, as the

large hydrapower capacity in Guebec (40 44 GW, correspanding to 2%

am (5. Debla), plerre-al

Reecefved 9 May 2020; Received in revised form. 10 Japuary 2021; Accepted 11 February 2021

03014215/ 2021 Elsevier Ltd All rights seserved.

IVEY foundation

Getting on an Efficient
Decarbonization Track

An Economic Study of a Regional Approach to
Electricity Markets in Northeastern North America

+ Pierre-Olivier Pineau, Professor, HEC Montréal
Aissatou Ba, MSc Student, HEC Montreal
OCTOBER 2021
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Energy Policy April 2021 paper
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Modelling Approach (1)

e Capacity expansion and dispatch linear model
» 8,760 hours of a representative year
* Investment decisions: generation + transmission capacity

e Operational decisions: power production for each type of generator,
power exchanges between jurisdictions, electricity curtailment + energy
storage and discharge, demand response and load shedding levels



Modelling Approach (2) — Power Technologies

* Intermittent renewable (solar & wind) with real local generation profiles
* Nuclear power.
* Natural Gas: CT and CGGT, with carbon-neutral fuel possible

* Hydropower: Flow-of-the-river + Intra-day reservoirs + Large reservoirs
(yearly cyclic storage capacity)

* Energy Storage
 Transmission: cross-border interconnections



R1 R9 R11

. anicoua 21{}
I\/ Od e | | 1N g Caniapiscau M g Aux Outardes
AoprOaCh (3) o P1 ‘ P12, P13 "1 P18
Quebec N R Pl P15
P15 s
Hydropower 016 2
P3 :r
R3

Hydropower plant
(in reservoir)

R4

Capacity [Billion m?|
Min. Max.

Number Name

Hydropower plant

Caniapiscau 39.0 52.6 ,
P (run-of-the-river)

La Grande 3 25.2 60.0
Robert Bourassa 19.4 61.7 RObert
Manicougan 35.2 137.9 Bourassa
Aux Outardes 10.9 24.5

——
Table 13: Storage capacity of large reservoirs in Quebec
P9, P10 :
Large reservoir

Intra-day reservoir

O =] U = =
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Scenarios of interest

* Decaronization level (electricity generation): from 50 to 99%
* Interconnections: without, same or as much as needed?

* Shared capacity (or local capacity constaint)? Yes / no

* Nuclear: Yes / no

* Emission-free natural gas: Yes / no

* Demand: x1, x1.25, x1.5



Annual decarbonization cost
No Trade / No New Transmission / Optimal Transmission
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Rodriguez-Sarasty, Debia, Pineau (2021)



Capacity [GW]

Interties are critical

Expanded Transmission Deep Integration
25
AT-NE
20 AT-QC
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EEE QC-ON
10
5
0

50 60 70 80 90 100 60 70 80 90 100
Decarbonization [%] Decarbonization [%]
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80

Important Wind and Solar requirements
(90% decarbonization)

o Gas Solar
B Hydro | Storage
" Nuclear Wind

No Trade Tr.Only Pool. Cap.Exp. Tran. Deep Int.

Integration mode

Capacity [GW]

300

250

P
-
-

=
N
o

=
o
o

o
-

0

. Gas Solar
B Hydro . Storage
" Nuclear Wind

No Trade Tr. Only Pool. Cap.Exp. Tran. Deep Int.
Integration mode
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More interies = More wind

With Optimal Transmission :
* Hydro-Wind correlation: from -0,06 to -0,28
* Wind generation: from 102 to 120 TWh
* Wind curtailment: from 1,5 % to0 0,1 %

Rodriguez-Sarasty, Debia, Pineau (2021)



Changes in reservoir levels

=== No Trade /;;t
rE' 300 "ttt Trade Only ,/,}’; %-
c === Expanded Transmission // \}
= \ A
S 290 \ ;{;’}"
S \ 4
@ 280 $
3 /
@ 270 \\ j
2 /
Z A
260 k}
0 100 200 300

Days
End of March

Rodriguez-Sarasty, Debia, Pineau (2021)



Electricity price [$/MWh]
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Cost for different scenarios: Nuclear, GHG-free natural gas and
demand growth (100%, 125% and 150%)

Witout nuclear With current nuclear
100 —
O
— Q
e N S Without
£, 60 _ i 3 carbon-
@ . | ®
S 40 £ neutral
Annual cost £ 2 ﬁ Hﬁ ~ natural gas
o
90% " H]
. . 100
decarbonization 1 No Trade o
® 80 [ Trade Only o
g [0 Pooled Capacity S With carbon-
& 60 W I Expanded Transm. %"
*g' _ I Deep Integration @ neutral
o 40 ] pd
X o natural gas
Il
il L E
. T ”
100 % 125 % 150 % 100 % 125 % 150 % 34

Load level (w.r.t. 2018 load)f Load level (w.r.t. 2018 load)



Regional Cost Impacts

Annualized cost of operation and incremental investments by decarbonization level

No Trade Trade Only Expanded Transmission

Lad
n

]
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Incr. cost [B$/Year]
S

0
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QcC
: e —
0
50 60 70 80 90 100 50 60 70 80 90 100 50 60 70 80 90 100
Decarbonization [%)] Decarbonization [%)] Decarbonization [%]
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Ongoing work

e Sébastien Debia: cooperative game theory analysis of coalitions

 Aissatou Ba: robustness of the integration value to (low) short-term
storage cost and (high) transmission cost

* with Florian Mitjana and Michel Denault (Jopt2022 MB2) : Multi-
stage stochastic problem + myopic vision (or not) + nuclear impact

* with Hydro-Québec: hourly demand generator (to create demand
scenarios)



4. Challenges & Opportunities
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Storage: the weak link of electricity markets

Power Photovoltaic generation

Load curve

Value of storage = fct (cost, load flexibility/DR,
generation cost, network costs)

ADB (2018)

Power requirement

10GW
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1GW e 3 $g—— -
m 3
LS? wind £ 5 g‘ Generation
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100GW . support o
f
= B0 e
c 5| e g 'g
e s 7 o
10 GW 5 —l_;- f& 3 g
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o @
™MW E —§- System/network
S g operator
|
100 kW SSYwind — Off-
PV: grid scale
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Hydrogen Analysis

* Value for the electricity system (storage)
* Value for the energy system (sectors hard or impossible to electrify)
e Additional generation & transmission capacity assessment



Market Analysis

* Reconciliate individual value/cost and system value/cost
* Contract design
* Transfer payments

+ political and social analysis

ADB (2018)



Hydropower modelling

* Value of a detailed hydro system model in technico-economic
studies?

* Flexibility analysis of hydropower generation:
* Wind/solar balancing versus hydro generation optimization
* Integration of river management constraints

* Impact on turbines of increased ramps up/down

e System impacts of low multi-year water intakes, in a context of
(much) more solar and wind



IEA (2020)

Transportation: Electrification or modal shift?

Canada
Energy intensities for freight transport

Freight transport

Freight road

Rail

Water

0 0.50 1.00 1.50 2.00 250 3.00
m 2000 2018
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Conclusion

* Lots of areas to study

 Sadly, there is limited institutional capacity to adequatly use models
and their results

* This is where people like me can (maybe) help bridge the gap
between OR models and their use to support decision making and

policy
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