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What Drives Clean Electricity Growth?

U.S. electricity generation from renewable energy sources, 1950-2022
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Data source: U.S. Energy Information Administration, Monthly Energy Review and Electric Power Monthly,
February 2023, preliminary data for 2022
” Note: Includes generation from power plants with at least 1 megawatt electric generation capacity.
elia Hydroelectric is conventional hydropower.
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Voluntary Clean Energy Procurements

" Are made by corporations, -
institutions, or individuals with CEBA DEAL TRACKER HIGHLIGHTS £GCEBA
Q2 2023
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announced in 2022

agreements, gréen tariffs, bilatéral deals with dtilities, tax equity investments, and direct project ownership in the U.S. from 2014-2023.
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Voluntary Procurements and Emissions Accounting

What does it mean when a company claims to
use clean electricity? O Eishiticts

" Typically involves transfer of ‘energy attribute GHG Protm._'ol
certificates’ representing clean megawatt-hours Scope 2 Guidance

" EACs can be acquired ‘unbundled’ or coupled to Corporate Standard
physical electricity purchases

" Corporate emissions accounting systems (e.g., the
GHG Protocol) allow EAC purchases to reduce an
institution’s reported emissions from electricity
consumption

How can these systems be designed?
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Voluntary Procurement Accounting Systems:

" The ‘conventional’ method, currently used by the U.S. EPA and GHG Protocol

" Participants can claim 1 MWh of carbon-free electricity use for every qualifying EAC they

purchase in a certain year

" Claiming 100% carbon-free
electricity use in a given
year means purchasing
enough EACs to match
total electricity
consumption in that year
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Criticisms of Volumetric Matching

" Coarse temporal accounting
leads to a poor assessment of
emissions impacts

" Lack of EAC scarcity means a
failure to drive additional clean
energy deployment

" Decoupled from a consumer’s
physical electricity use and
reliability needs

Criticisms have lead to alternative
proposals...
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Alternative Systems:

Morming Noon Evening

" Participants can purchase EACs to claim o
lllllllllllll.lll.llllll

carbon-free electricity use in the same hour in T e — _==_=-==

which the EAC was generated - EEmmmas

Day 01

=-.-..- R | ] |
o o . =====.lll fm SrAEEEEEEE
" Claiming 100% carbon-free electricity use in a ([ 111111
. . . EEEEEE
given year means purchasing enough EACs to -
match or exceed your electricity consumption in = EEEEREEEEREEE §_=EE===
every hour of the year --E-H"HH‘H-HEIEI!!
SREEEEETEEEEE™ iummmm
.  EENEEE
" Claimed Advantages: e aagy TUEEEEEEESE
" Hourly requirement increases EAC scarcity I!lllml“l !l !i!!
Day 31 CmE
" Encourages deployment of advanced technologies All hours assessed individually

Credit: Google
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Alternative Systems:

" Measures emissions impacts of consumption and
production based on local hourly short-run
marginal emissions rates (SRMER, the calculated
change in grid emissions resulting from an
iInstantaneous change in electricity demand
assuming no change in generating capacity)

Figure 1: Seasonal marginal operating emissions rate profile (NYISO)

2000

lbs CO2/MW¥h
1500

1000

" Aims for net-zero measured emissions impact
over a year

500

1 = 5 7 9 11 13 15 17 19 21 23
hour of day

= Claimed Advantages: Callaway et al, 2017

" Accurately reflects emissions impacts of procurements

" Encourages most cost-effective abatement actions
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Comparing the Three Strategies

Volumetric Accounting Temporal Accounting Emissions Accounting

" Fach proposed
system has a
different definition
of success

0.8

o
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® Different metrics
Incentivize
different actions
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The Big Question

If a company takes steps to achieve
100% carbon free electricity use as
defined under one of these proposed
matching strategies...

...now do its actions affect greenhouse
gas emissions at the level of the entire

electricity system?
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Our Approach

Capacity expansion modeling:

" Given assumptions of current and future
conditions, optimizes the configuration
and operations of the entire electricity
system to meet electricity demand in a
given period at least cost

" Simulates outcomes under a fully
competitive electricity market or an
optimal centrally-planned system

MW»,W&MWMWW» paryy

Demand (timing and location)

Supply (cost and availability)

Constraints (physical and policy)

\\

overall outcomes.

Because we model the entire electricity system, we
can compare counterfactual scenarios to directly
observe how individual voluntary decisions affect

ZERO LAB

Optimized System (investments and operations)
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The Present Study

B Uses GenX, an open-source capacity expansion
planning tool with high temporal resolution

" Explores system-level impacts of multiple voluntary
carbon-free electricity procurement strategies

= Experimental setup:

" B-zone representation of the U.S. Western
Interconnection

® 2030 planning year (2021 base)
" | atest federal and state policies
"  Multiple technology availability scenarios

" Voluntary clean energy purchases made by commercial
and industrial (C&l) customers in California and the
Mountain West
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Six-zone model of the U.S. Western
Interconnection, with target zones circled
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Modeling Voluntary Procurement

" Assume a certain % of C&I customers in the target region jointly pursue voluntary
carbon-free electricity procurement under one of three strategies: volumetric,
temporal, or emissions matching

" Must procure clean attributes from new-build carbon-free resources located in the
same model region as the participating demand

Load (GW)

n
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d

A
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California 2030
electricity
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C&Il demand in
red.
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Modeling Voluntary Procurement

" A maximizes the chance that a given matching
strategy reduces emissions
" Procurement of existing resources does not reduce emissions unless the

resources in question are at risk of early retirement, or there is more demand for
EACs from existing resources than there is supply

" A enables simplified comparison of matching
approaches while maintaining conditions compatible with each
" Avoids the impact of major transmission bottlenecks between supply and demand

" Note that the model’s assumption of no in-region congestion is an
oversimplification of reality
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Impact Measurement

1. Focus on , €.g. total CO, emissions from
the Western Interconnection

2. Use to isolate the consequential
impacts of a participant’s actions

((system emissions without voluntary procurement)

— (system emissions with voluntary procurement))
=+ (participating demand)
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Cost-Optimal Portfolios

® Volumetric and

. . t h . g -0 California, 10% C&Il Participation s Wyoming & Colorado, 10% C&l Participation
emissions matcnin
incentivize 15 , ’
AXE T =
Procurement of e BPR R |
cheapest renewable ; A KA 2 — .
option 7777 2z e | BEE s 9o /%6

[ "

| SN
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NN\
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=

" Temporal matching
incentivizes a mix of

Change in Capacity Compared to Baseline System (GW)

-15 . . . . ‘ . - . . . . . .
. . Removed 100% 100% 90% 98% 100% Removed 100% 100% 90% 98% 100%
reso u rces InCI ud I n C&l Volumetric Emissions Temporal Temporal Temporal C&l Volumetric Emissions Temporal Temporal Temporal
’ Load Match Match Match Match Match Load Match Match Match Match Match
I ' d LDES
C ea n I rm a n : Advanced Advanced
C&l Not C&l Established . :
j v : V¥ Technologies, V¥ Technologies,
Procured Procured Technologies No Combustion Full Portfolio
— Ei:l : _— g?; Unabated (Ssolatrh i Wind B Geothermal
ithium-lon er eotherma "
Batteries Sources W NFEGS =l Metal-Air Hydrogen

Batteries Storage
Gas with CCS s ZCF CC
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Impacts on the Energy Mix

" Energy procured under
volumetric and
emissions matching
displaces an equivalent
amount of clean energy
from third-party
developers

Procurements made
under temporal
matching displace a
mix of clean and fossil
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Explaining the Outcomes

100% Volumetric Matching

" Under volumetric matching, 6
participants’ procurements directly ; AN A
compete with other commercial NI—— VA T
renewables - —=g i -
g:: _——_—L__ == ~ brocured
" Under emissions matching the buyer & ° * ¢ ° = © @ _::“"
assumes its solar is offsetting marginal = ¢ . - E"’i““:;a“”"g o7 |
fossil generation, but it is actually s //\’\”;Zj77 —— AR
‘offsetting’ competing solar projects & o mmmmm=Z a7 S I et
that would otherwise have been built ~ §7 N = 028 == Soites
v
®= Under temporal matching, new clean ¢ ° ° ° ° % % F # weta A
supply must be brought online evenin £ 1°°“:’;”;';“‘"'“" o Gooter
hours when fossil generation would be = * »? 7%=y "= Gas with ccs
economically preferable, leading to '~ AREEEE AN L&z
fossil displacement . - g
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Emissions Impacts

® No emissions reductions
for volumetric or
emissions matching at
10% participation

" Small reductions in CA at
25% participation and above

" Increasing reductions for
increasing temporal
matching, typically (but
not always) exceeding
benchmarks

ZERO LAB
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Cost to Participants

" Volumetric and =
= 50 California, 10% C&l Participation 20 Wyoming & Colorado, 10% C&l Participation
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Effective Abatement Cost

" Effective cost per ton

California, 10% C&l Participation Wyoming & Colorado, 10% C&I Participation
CO, abated by temporal - 2s
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Impact of Policy

" Failure to drive emissions reductions is traceable to a lack of additionality

" Voluntary carbon-free energy buyers are incentivized to target resources that would
have been built anyway

" The recently-passed Inflation Reduction Act dramatically increases the supply of
EACs without increasing demand

" Modeled additional cases with a hypothetical federal 80% clean electricity standard,
which makes EAC demand the primary driver of supply
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Outcomes with an 80% CES

® Optimal portfolios are
nearly identical to the
non-CES case, but...

" All matching strategies
consistently reduce
emissions

" Reductions are still
greater (roughly double)
under temporal matching

PRINCETON UNIVERSITY
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Outcomes with an 80% CES: Effective Abatement Cost

" With a system-level CES,
volumetric matching is
the most cost-effective
means of emissions
abatement

California, 10% C&l Participation Wyoming & Colorado, 10% C&l Participation

Effective Abatement Cost ($/tC0O-)

0,
100% 100% 90% 98% 100% 100% 100% 90% 98% 100%
Volumetric Emissions  Temporal Temporal Temporal Volumetric Emissions  Temporal Temporal Temporal
Match Match Match Match Match Match Match Match Match Match
. . Advanced Technologies, Advanced Technologies,
B Established Technologies B\ combustion B il Portfolio

PRINCETON UNIVERSITY
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Implications:

" Volumetric matching can drive truly
additional clean generation only when
(price-inelastic) EAC demand exceeds

supply

" This was true in the past when
renewables were too expensive to see
market uptake, but is unlikely in the
U.S. going forward

" Even if the generation is additional,
volumetric matching is not guaranteed
to eliminate a consumer’s emissions
impact

ZERO LAB

Figure 1: Global levelized cost of electricity benchmarks, 2009-2022

LCOE ($MWh, nominal)
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Source: BloombergNEF. Note: The global benchmark for PV, wind and storage is a country-weighted
average using the latest annual capacity additions. The storage LCOE is reflective of a utility-scale Li-ion
battery storage system with four-hour duration running at a daily cycle and includes charging costs.
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Implications:

" What is the emissions impact of
adding EV demand to the grid?

" |f using the same fixed set of
generators, the additional
generation will be nearly all
fossil

® But if we assume that
developers respond to new
demand, new renewables will be
deployed to meet much of it

ZERO LAB
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Implications:

® SRMERs cannot accurately estimate esl::?n\"lva:\;etlLgaenmeigg:lorse:’::fm

emissions impacts because they ignore electric-sector interventions?
ca paClty dep|0yment8 and retirements The estimations from a well-performing metric

would fall on the diagonal parity line

Short-run Marginal Emission Rate
® e 00 oS0 WUD @ W ..

800 -

" Long-run marginal emissions rates
(LRMERs) that do incorporate these
Impacts would be a theoretically-optimal

700 -

600 -

500 -

Estimated CO, emissions rate (kg/MWh 4.ce)
L

alternative 400 -
300 -
2071 Long-run Mar .i'ngl. ission Rate
= Unfortunately, LRMERs are unobservable w0l 09 -
in the real world and can only be roughly . . . . . .
. . . . =400 =200 0 200 400 600
prOJeCted US|ng eIeCtnClty SyStem mOdeIS Observed CO, emissions rate (kg/MWh,_, 4use)

Gagnon et al. 2022
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Implications:

" Temporal Matching effectively mitigates a consumer’s long-run marginal emissions
impact without needing to know LRMERs
" (As long as the clean power comes from new resources and is physically deliverable)

" Qutcomes are roughly equivalent to eliminating a consumer’s electricity demand or
supplying it entirely with on-site clean power

Approximate Net Emissions Impact
= (Demand — Clean Supply) X LRMER

/ \

Always <0 Unknown
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New Power Procurement

" |f procurements are not
made from new sources,
voluntary clean energy
purchases will likely have
negligible consequential
impact under any strategy

" There is enough existing
carbon-free power to satisfy
large amounts of voluntary
demand (even time-
matched) in many regions
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Example: using existing carbon-free resources to match hydrogen
electrolysis load in California leads to zero emissions reductions
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Deliverability

" Previous work has
demonstrated that
procurement across
transmission bottlenecks
can inhibit impact

" Especially important when
siting both new load and
generation
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Morthern California Zone Only

Impact of deliverability constraints on emissions from hourly-
matched electrolysis (Ricks et al. 2023)
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Markets

" PPAs are the most robust
means of ensuring a causal
relationship between clean
attribute procurement and
additional clean generation

35.0
30.0
25.0
20.0
15.0
10.0

2.0

319

243 243
211 1z
18.6
a5 5.6

13

28.0
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" But markets allowing EAC 100
trading may help with hedging, Lo e | e g% | oe% oew, | 98w | oen a8,

Cost Premium of 24,7 ($/MWh Load)

S8% O8% 98%, | 98% | 98% 98%, | 98% 98%,
Smaill Small Small Small Small
and WOUld a”OW Sma”er playerS Buyer Buyer Buyer Buyer Buyer
.. Mo CFE Mo CFE Mo CFE No CFE Mo CFE
to p a rtl Cl p ate Access Access Access Access Access
No Free Trade No Free Trade MNo Free Trade MNo Free Trade Mo Free Trade
Trade Trade Trade Trade Trade
Lrg. Residential smil. Residential Lrg. Commercial smil. Commercial Industrial
B TEAC Trade B Storage Procurement DCFE Generation Procurement &24/7 Premium

" Market prices can send
demand signals and help price EAC trading between players with different purchase capabilities
PPAs
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