
DOCKETED 
Docket Number: 21-BSTD-02 

Project Title: 2022 Energy Code Update CEQA Documentation 

TN #: 238753 

Document Title: 
Holland & Knight LLP Comments - Holland & Knight 

References (1 of 11) 

Description: N/A 

Filer: System 

Organization: Holland & Knight LLP 

Submitter Role: Public  

Submission Date: 7/8/2021 4:43:20 PM 

Docketed Date: 7/8/2021 

 



Comment Received From: Holland & Knight LLP 
Submitted On: 7/8/2021 

Docket Number: 21-BSTD-02 

Holland & Knight References (1 of 11) 

The attached document is the first of 11 separate uploads that contain the references 
cited in Holland & Knight's DEIR Comment Letter. 

Additional submitted attachment is included below. 



/,4
@/ 5TATIOf C{II[ORNIT\

AUTHENTICATED
ELICIRONIC LEGALMATERIAL

Senate Bill No. 100

CHAPTER 312

An act to amend Sections 399.11,399.15, and 399.30 of, and to add
Section 454.53 to, the Public Utilities Code, relating to energy.

[Approved by Governor September 10, 2018. Filed with
Secretary ofState September 10, 2018.1

LEGISLATIVE COUNSEL'S DIGEST

SB 100, De Le6n. Califomia Renewables Portfolio Standard Program:
emissions of greenhouse gases.

(1) Under existing law, the Public Utilities Commission (PUC) has

regulatory authority over public utilities, including electrical corporations,
while local publicly owned electric utilities, as defined, are under the
direction of their goveming boards. The Califomia Renewables Portfolio
Standard Program requires the PUC to establish a renewables portfolio
standard requiring all retail sellers, as defined, to procure a minimum quantity
of electricity products from eligible renewable energy resources, as defined,
so that the total kilowatthours of those products sold to their retail end-use
customers achieve 25oh of retail sales by December 31,2016,33% by
December 31,2020, 40% by December 31,2024, 45% by December 31,
2027 , and 50% by December 31, 2030. The program additionally requires
each local publicly owned electric utility, as defined, to procure a minimum
quantity of electricity products from eligible renewable energy resources
to achieve the procurement requirements established by the program. The
Legislattue has found and declared that its intent in implementing the
program is to attaitr, among other targets for sale of eligible renewable
resources, the target of 50% of total retail sales of electricity by December
31,2030.

This bill would revise the above-described legislative findings and
declarations to state that the goal of the program is to achieve that 50Yo

renewable resources target by December 31, 2026, and to achieve a 600/o

target by December 31,2030. The bill would require that retail sellers and
local publicly owned electric utilities procure a minimum quantity of
electricity products from eligible renewable energy resources so that the
total kilowatthours of those products sold to their retail end-use customers
achieve 44o/o of retail sales by December 31,2024,52%by December 31,
2027, and 60% by December 3 l, 2030.

Under existing law, a local publicly owned electric utility is not required
to procure more than a specified minimum quantity of eligible renewable
energy resources under the program ifit receives more than 50% ofits retail
sales from hydroelectric generation, as specified.

87



ch.3l2 _) _

This bill would revise those provisions, limit the applicability of this
exception to large hydroelectric generation, and reduce that threshold to
40%.

(2) Existing law establishes the Califomia Environmental Protection
Agency, establishes the State Air Resources Board within the agency as the
entity with responsibility for control of emissions from motor vehicles, and
designates the state board as the air pollution control agency for all purposes

set fbrth in federal law. The Califomia Global Warming Solutions Act of
2006 establishes the state board as the state agency charged with monitoring
and regulating sources of emissions of greenhouse gases that cause global
warmlng.

The Warren-Alquist State Energy Resources Conservation and
DevelopmentAct establishes the State Energy Resources Conservation and

Development Commission (Energy Commission) and requires it to conduct
an ongoing assessment ofthe opportunities and constraints presented by all
formsofenergy, to encourage the balanced use ofall sources ofenergy to
meet the state's needs, and to seek to avoid possible undesirable
consequences ofreliance on a single source ofenergy.

This bill would state that it is the policy of the state that eligible renewable
energy resources andzero-carbon resources supply l00Yo ofretail sales of
electiicity to California end-use customers and 100% of electricity procured
to serve all state agencies by December 31,2045. The bill would require
that the achievement of this policy for Califomia not increase carbon
emissions elsewhere in the westem grid and that the achievement not allow
resource shuffiing. The bill would require the PUC and the Energy
Commission, in consultation with the state board, to take steps to ensure
that a transition to a zero-carbon electric system for the State of Califomia
does not cause or contribute to greenhouse gas emissions increases elsewhere
in the western grid. The bill would require the PUC, Energy Commission,
state board, and all other state agencies to incorporate that policy into all
relevant planning. The bill would require the PUC, Energy Commission,
state board, and all other state agencies to ensure actions taken in furtherance
of these purposes achieve specified objectives. The bill would require the
PUC, Energy Commission, and state board to utilize programs authorized
under existing statutes to achieve that policy and, as part of a public process,

issue a joint report to the Legislature by January 7,2027, and every 4 years
thereafter, that includes specified information relating to the implementation
of the policy.

(3) Under existing law, a violation ofthe Public UtilitiesAct or any order,
decision, rule, direction, demand, or requirement of the PUC is a crime.

Because certain of the provisions of this bill would be a part of the act
and because a violation of an order or decision of the PUC implementing
its requirements would be a crime, the bill would impose a state-mandated
local program. By expanding the requirements placed upon a local publicly
owned electric utility, the bill would impose a state-mandated local program.
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The California Constitution requires the state to reimburse local agencies
and school districts for certain costs mandated by the state. Statutory
provisions establish procedures for making that reimbursement.

This bill would provide that no reimbursement is required by this act for
specified reasons.

The people of the State of Califurnia do enact as follows:

SECTION 1. (a) This act shall be known as The 100 Percent Clean
Energy Act of20l8.

(b) The Legislature finds and declares that the Public Utilities
Commission, State Energy Resources Conservation and Development
Commission, and State Air Resources Board should plan for 100 percent
of total retail sales of electricity in Califomia to come from eligible
renewable energy resources and zero-carbon resources by December 31,
2045.

(c) It is the intent ofthe Legislature in enacting this act to extend and
expand policies established pursuant to the Califomia Renewables Portfolio
Standard Program (Article 16 (commencing with Section 399. 1 I ) of Chapter
2.3 of Part I of Division 1 of the Public Utilities Code), and to codify the
policies established pursuant to Section 454.53 of the Public Utilities Code,
and that both be incorporated in long-term planning.

SEC. 2. Section 399.11 of the Public Utilities Code is amended to read:
399.11. The Legislature finds and declares all of the following:
(a) In order to attain a target ofgenerating 20 percent oftotal retail sales

of electricity in Califomia from eligible renewable energy resources by
December 31,2013,33 percent by December 31,2020,50 percent by
December 31,2026, and 60 percent by December 31,2030, it is the intent
of the Legislature that the commission and the Energy Commission
implement the California Renewables Portfolio Standard Program described
in this article.

(b) Achieving the renewables portfolio standard through the procurement
ofvarious electricity products from eligible renewable energy resources is
intended to provide unique benefits to California, including all of the
following, each of which independently justifies the program:

(1) Displacing fossil fuel consumption within the state.
(2) Adding new electrical generating facilities in the transmission network

within the WECC service area.
(3) Reducing air pollution, particularly criteria pollutant emissions and

toxic air contaminants, in the state.
(4) Meeting the state's climate change goals by reducing emissions of

greenhouse gases associated with electrical generation.
(5) Promoting stable retail rates for electric service.
(6) Meeting the state's need for a diversified and balanced energy

generation portfolio.
(7) Assisting with meeting the state's resource adequacy requirements.
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(8) Contributing to the safe and reliable operation ofthe electrical grid,
including providing predictable electrical supply, voltage suppoft, lower
line losses, and congestion relief.

(9) Implementing the state's transmission and land use planning activities
related to development of eligible renewable energy resources.

(c) The California Renewables Portfolio Standard Program is intended
to complement the Renewable Energy Resources Program administered by
the Energy Commission and established pursuant to Chapter 8.6
(commencing with Section 25740) of Division 15 of the Public Resources
Code.

(d) New and modified electric transmission facilities may be necessary
to facilitate the state achieving its renewables portfolio standard targets.

(e) (l) Supplying electricity to California end-use customers that is
generated by eligible renewable energy resources is necessary to improve
California's air quality and public health, particularly in disadvantaged
communities identified pursuant to Section 3971 1 of the Health and Safety
Code, and the commission shall ensure rates are just and reasonable, and
are not significantly affected by the procurement requirements ofthis article.
This electricif may be generated anywhere in the interconnected grid that
includes many states, and areas of both Canada and Mexico.

(2) This article requires generating resources located outside of Califomia
that are able to supply that electricity to California end-use customers to be
treated identically to generating resources located within the state, without
discrimination.

(3) California electrical corporations have already executed, and the
commission has approved, power purchase agreements with eligible
renewable energy resources located outside of Califomia that will supply
electricity to Califomia end-use customers. These resources will fully count
toward meeting the renewables portfolio standard procurement requirements.

SEC. 3. Section 399.15 of the Public Utilities Code is amended to read:
399.15. (a) In order to fulfill unmet long-term resource needs, the

commission shall establish a renewables portfolio standard requiring all
retail sellers to procure a minimum quantity of electricity products from
eligible renewable energy resources as a specified percentage of total
kilowatthours sold to their retail end-use customers each compliance period
to achieve the targets established under this article. For any retail seller
procuring at least 14 percent ofretail sales from eligible renewable energy
resources in 2010, the deficits associated with any previous renewables
portfolio standard shall not be added to any procurement requirement
pursuant to this article.

(b) The commission shall implement renewables portfolio standard
procurement requirements only as follows:

(l) Each retail seller shall procure a minimum quantity of eligible
renewable energy resources for each of the following compliance periods:

(A) January l,2011,to December 31,2013, inclusive.
(B) January l,20l4,to December 37,2016, inclusive.
(C) January l,20l7,to December 37,2020, inclusive.
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(D) January 7,2021, to December 31,2024, inclusive.
(E) January 7,2025,to December 31,2027, inclusive.
(F) January 1,2028, to December 31,2030, inclusive.
(2) (A) No later than January 7,2017, the commission shall establish

the quantity of electricity products from eligible renewable energy resources
to be procured by the retail seller for each compliance period. These
quantities shall be established in the same manner for all retail sellers and
result in the same percentages used to establish compliance period quantities
for all retail sellers.

(B) In establishing quantities for the compliance period from January 1,

2011, to December 31, 2013, inclusive, the commission shall require
procurement for each retail seller equal to an average of20 percent ofretail
sales. For the following compliance periods, the quantities shall reflect
reasonable progress in each of the intervening years sufficient to ensure that
the procurement of electricity products from eligible renewable energy
resources achieves 25 percent of retail sales by December 31,2016,33
percent by December 31 ,2020,44 percent by December 31 ,2024,52 percent
by December 31,2027, and 60 percent by December 31, 2030. The
commission shall establish appropriate three-year compliance periods for
all subsequent years that require retail sellers to procure not less than 60
percent ofretail sales ofelectricity products from eligible renewable energy
resources.

(C) Retail sellers shall be obligated to procure no less than the quantities
associated with all intervening years by the end of each compliance period.
Retail sellers shall not be required to demonstrate a specific quantity of
procurement for any individual intervening year.

(3) The commission may require the procurement of eligible renewable
energy resources in excess ofthe quantities specified in paragraph (2).

(a) Only for purposes of establishing the renewables portfolio standard
procurement requirements of paragraph (l) and determining the quantities
pursuant to paragraph (2), the commission shall include all electricity sold
to retail customers by the Department of Water Resources pursuant to
Division 27 (commencing with Section 80000) of the Water Code in the
calculation ofretail sales by an electrical corporation.

(5) The commission shall waive enforcement of this section if it finds
that the retail seller has demonstrated any of the following conditions are
beyond the control of the retail seller and will prevent compliance:

(A) There is inadequate transmission capacity to allow for sufficient
electricity to be delivered from proposed eligible renewable energy resource
projects using the current operational protocols ofthe Independent System
Operator. In making its findings relative to the existence of this condition
with respect to a retail seller that owns transmission lines, the commission
shall consider both of the following:

(i) Whether the retail seller has undeltaken, in a timely fashion, reasonable
measures under its control and consistent with its obligations under local,
state, and federal laws and regulations, to develop and construct new
transmission lines or upgrades to existing lines intended to transmit
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electricity generated by eligible renewable energy resources. In determining
the reasonableness of a retail seller's actions, the commission shall consider
the retail seller's expectations for full-cost recovery for these transmission
lines and upgrades.

(ii) Whether the retail seller has taken all reasonable operational measures

to maximize cost-effective deliveries of electricity from eligible renewable
energy resources in advance of transmission availability.

(B) Permitting, interconnection, or other circumstances that delay
procured eligible renewable energy resource projects, or there is an

insufficient supply of eligible renewable energy resources available to the
retail seller. In making a finding that this condition prevents timely
compliance, the commission shall consider whether the retail seller has done
all of the following:

(i) Prudently managed portfolio risks, including relying on a sufficient
number of viable projects.

(ii) Sought to develop one of the following: its own eligible renewable
energy resources, transmission to interconnect to eligible renewable energy
resources, or energy storage used to integrate eligible renewable energy
resources. This clause shall not require an electrical corporation to pursue

development of eligible renewable energy resources pursuant to Section
399.14.

(iii) Procured an appropriate minimum margin of procurement above the
minimum procurement level necessary to comply with the renewables
portfolio standard to compensate for foreseeable delays or insufficient
supply.

(iv) Taken reasonable measures, under the control ofthe retail seller, to
procure cost-effective distributed generation and allowable unbundled
renewable energy credits.

(C) Unanticipated curtailment of eligible renewable energy resources if
the waiver would not result in an increase in greenhouse gas emissions.

(D) Unanticipated increase in retail sales due to transportation
electrification. In making a finding that this condition prevents timely
compliance, the commission shall consider both of the following:

(i) Whether transportation electrifi cation signifi cantly exceeded forecasts
in that retail seller's service tenitory based on the best and most recently
available information filed with the State Air Resources Board, the Energy
Commission, or another state agency.

(ii) Whether the retail seller has taken reasonable measures to procure
sufficient resources to account for unanticipated increases in retail sales due

to transportation electrifi cation.
(6) If the commission waives the compliance requirements ofthis section,

the commission shall establish additional reporting requirements on the
retail seller to demonstrate that all reasonable actions under the control of
the retail seller are taken in each of the intervening years sufficient to satisS
future procurement requirements.
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(7) The commission shall not waive enforcement pursuant to this section,
unless the retail seller demonstrates that it has taken all reasonable actions
under its control, as set forth in paragraph (5), to achieve full compliance.

(8) If a retail seller fails to procure sufficient eligible renewable energy
resources to comply with a procurement requirement pursuant to paragraphs
(1) and (2) and fails to obtain an order from the commission waiving
enforcement pursuant to paragraph (5), the commission shall assess penalties
for noncompliance. A schedule of penalties shall be adopted by the
commission that shall be comparable for electrical corporations and other
retail sellers. For electrical corporations, the cost ofany penalties shall not
be collected in rates. Any penalties collected under this article shall be
deposited into the Electric Program Investment Charge Fund and used for
the purposes described in Chapter 8.1 (commencing with Section 25710)
of Division l5 of the Public Resources Code.

(9) Deficits associated with the compliance period shall not be added to
a future compliance period.

(c) The commission shall establish a limitation for each electrical
corporation on the procurement expenditures for all eligible renewable
energy resources used to comply with the renewables portfolio standard.
This limitation shall be set at a level that prevents disproportionate rate
impacts.

(d) If the cost limitation for an elechical corporation is insufficient to
support the projected costs of meeting the renewables portfolio standard
procurement requirements, the electrical corporation may refrain from
entering into new contracts or constructing facilities beyond the quantity
that can be procured within the limitation, unless eligible renewable energy
resources can be procured without exceeding a de minimis increase in rates,
consistent with the long-teffn procurement plan established for the electrical
corporation pnrsuant to Section 454.5.

(e) (1) The commission shall monitor the status of the cost limitation
for each electrical corporation in order to ensul'e courpliance with this article.

(2) If the commission determines that an electrical corporation may
exceed its cost limitation prior to achieving the renewables portfolio standard
procurement requirements, the commission shall do both of the following
within 60 days of making that determination:

(A) Investigate and identi$ the reasons why the electrical corporation
may exceed its annual cost limitation.

(B) Notifu the appropriate policy and fiscal committees of the Legislature
that the electrical corporation may exceed its cost limitation, and include
the reasons why the electrical corporation may exceed its cost limitation.

(f The establishment of a renewables portfolio standard shall not
constitute implementation by the commission of the federal Public Utility
Regulatory PoliciesAct of 1978 (Public Law 95-617).

SEC. 4. Section 399.30 of the Public Utilities Code is amended to read:
399.30. (a) (1) To fulfill unmet long-term generation resource needs,

each local publicly owned electric utility shall adopt and implement a
renewable energy resources procurement plan that requires the utility to
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procure a minimum quantity of electricity products from eligible renewable
energy resources, including renewable energy credits, as a specified
percentage oftotal kilowatthours sold to the utility's retail end-use customers,
each compliance period, to achieve the targets of subdivision (c).

(2) Beginning January 1,2019, a local publicly owned electric utility
subject to Section 9621 shall incorporate the renewable energy resources
procurement plan required by this section as part of a broader integrated
resource plan developed and adopted pursuant to Section 962 I .

(b) The governing board shall implement procurement targets for a local
publicly owned electric utility that require the utilify to procure a minimum
quantity of eligible renewable energy resources for each of the following
compliance periods:

ch.312

(4)
(s)
(6)
(c)

(1) January
(2) January
(3) January

-8-

7, 201 l, to December 31, 2013, inclusive.
1,2014, to December 31,2016, inclusive.
1, 2017, to December 31, 2020, inclusive.
l, 2021, to December 3 1, 2024, inclusive.
l, 2025,to December 31, 2027, inclusive.
l, 2028, to December 3 1, 2030, inclusive.

ensure all of the following:
(l) The quantities ofeligible renewable energy resources to be procured

for the compliance period from January 1,2011, to December 31,2013,
inclusive, are equal to an average of20 percent ofretail sales.

(2) The quantities of eligible renewable energy resources to be procured
for all other compliance periods reflect reasonable progress in each ofthe
intervening years sufficient to ensure that the procurement of electricity
products from eligible renewable energy resources achieves 25 percent of
retail sales by December 31,2016,33 percent by December 31,2020,44
percent by December 31 , 2024, -52 percent by December 3l , 2027 , and 60
percent by December 31,2030. The Energy Commission shall establish
appropriate multiyear cortpliance periods for all subsequent years that
require the local publicly owned elechic utility to procure not less than 60
percent ofretail sales ofelectricity products from eligible renewable energy
resources.

(3) A local publicly owned electric utility shall adopt procurement
requirements consistent with Section 399.16.

(4) Beginning January 1, 2014, in calculating the procurement
requirements under this article, a local publicly owned electric utility may
exclude from its total retail sales the kilowatthours generated by an eligible
renewable energy resource that is credited to a participating customer
pursuant to a voluntary green pricing or shared renewable generation
program. Any exclusion shall be limited to electricity products that do not
meet the portfolio content criteria set forth in paragraph (2) or (3) of
subdivision (b) of Section 399 .16. Any renewable energy credits associated
with electricity credited to a participating customer shall not be used for
compliance with procurement requirements under this article, shall be retired
on behalf of the participating customer, and shall not be further sold,

January
January
January
The governing board of a local publicly owned electric utility shall
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transferred, or otherwise monetized for any purpose. To the extent possible
for generation that is excluded from retail sales under this subdivision, a
local publicly owned electric utility shall seek to procure those eligible
renewable energy resources that are located in reasonable proximity to
program participants.

(d) (1) The governing board of a local publicly owned electric utility
shall adopt procurement requirements consistent with subparagraph (B) of
paragraph (4) ofsubdivision (a) of, and subdivision (b) of, Section399.l3.

(2) The governing board of a local publicly owned electric utility may
adopt the following measures:

(A) Conditions that allow for delaying timely compliance consistent with
subdivision (b) of Section 399.15.

(B) Cost limitations for procurement expenditures consistent with
subdivision (c) of Section 399.15.

(e) The goveming board of the local publicly owned electric utility shall
adopt a program for the enforcement of this article. The program shall be
adopted at a publicly noticed meeting offering all interested parties an

oppbrtunity to comment. Not less than 30 days'notice shall be given to the
public of any meeting held for purposes of adopting the program. Not less

than 10 days'notice shall be given to the public before any meeting is held
to make a substantive change to the program.

(f) Each local publicly owned electric utility shall annually post notice,
in accordance with the Ralph M. Brown Act (Chapter 9 (commencing with
Section 54950) of Part I of Division 2 of Title 5 of the Govemment Code),
whenever its governing body will deliberate in public on its renewable
energy resources procurement plan.

(g) A public utility district that receives all ofits electricity pursuant to
a preference right adopted and authorized by the United States Congress
pursuant to Section 4 of the Trinity River Division Act of August 12, 1955
(fuUtic Law 84-386), shall be in compliance with the renewable energy
procurement requirements of this article.

(h) For a local publicly owned electric utility that was in existence on or
before January 7,2009, that provides retail electric service to 15,000 or
fewer customer accounts in Califomia, and is interconnected to a balancing
authority located outside this state but within the WECC, an eligible
renewable energy resource includes a facility that is located outside
Califomia that is connected to the WECC transmission system, if all of the
following conditions are met:

(1) The electricity generated by the facility is procured by the local
publicly owned electric utility, is delivered to the balancing authority area

in which the local publicly owned electric utility is located, and is not used
to fulfill renewable energy procurement requirements of other states.

(2) The local publicly owned electric utility participates in, and complies
with, the accounting system administered by the Energy Commission
pursuant to this article.
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(3) The Energy Commission verifies that the electricity generated by the

facility is eligible to meet the renewables portfolio standard procurement
requirements.

(i; Notwittrstanding subdivision (a), for a local publicly owned electric
utility that is a joint powers authority of districts established pursuant to
state law on orbefore January 1,2005, that furnishes electric services other
than to residential customers, and is formed pursuant to the Inigation District
Law (Division 1l (commencing with Section 20500) of the Water Code),
the percentage of total kilowatthours sold to the district's retail end-use
customers, upon which the renewables portfolio standard procurement
requirements in subdivision (b) are calculated, shall be based on the
authority's average retail sales over the previous seven years. Ifthe authority
has not fumished electric service for seven years, then the calculation shall
be based on average retail sales over the number of completed years during
which the authority has provided electric service.

O A local publicly owned electric utility in a city and county that only
receives greater than 67 percent ofits electricity sources from hydroelectric
generation located within the state that it owns and operates, and that does
not meet the definition of a "renewable electrical generation facility"
pursuant to Section 25741 ofthe Public Resources Code, shall be required
io procure eligible renewable energy resources, including renewable gnergy
credits, to meet only the electricity demands unsatisfied by its hydroelectric
generation in any given year, in order to satis$ its renewable energy
procurement requirements.

(k) (l) For purposes ofthis subdivision, "large hydroelectricgeneration"
means electricity generated from an existing hydroelectric facility located
within the state that does not qualifu as an eligible renewable energy resource

and, as of January 1,2018, was owned by a local publicly owned electric
utility, the federal govemment as a part of the federal Central Valley Project,
or a joint powers agency formed and created pursuant to the Joint Exercise
of Powers Act (Chapter 5 (commencing with Section 6500) of Division 7

of Title I of the Govemment Code).
(2) lf, during a year within a compliance period set forth in subdivision

(b), a local publicly owned electric utility receives more than 40 percent of
its retail sales from large hydroelectric generation under an ownership
agreement or contract in effect as of January 1,2018, it is not requirerl to
piocure eligible renewable energy resources that exceed the lesser ofthe
following for that year:

(A) The portion of the local publicly owned electric utility's retail sales

unsatisfied by the local publicly owned electric utility's large hydroelectric
generation.- (B) The soft target adopted by the Energy Commission for the intervening
years of the relevant compliance period.

(3) An extension or renewal of a procurement agreement shall not be
eligible to count towards the determination that the local publicly owned
eleitric utility receives more than 40 percent of its retail sales from large
hydroelectric generation in any year. This paragraph shall not apply to any
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agreement in effect on January 1,2015, between a local publicly owned
electric utility and the Western Area Power Administration or federal
govemment as part of the federal Central Valley Project.

(a) The Energy Commission shall adjust the total quantities of eligible
renewable energy resources to be procured by a local publicly owned elechic
utility for a compliance period to reflect any reductions required pursuant
to paragraph (2).

(5) This subdivision does not modi$, the compliance obligation of a local
publicly owned electric utility to satisfy the requirements of subdivision (c)
of Section 399.16.

(/) (1) (A) For purposes of this subdivision, "unavoidable long-term
contracts and ownership agreements" means commitments for electricity
from a coal-fired powerplant, located outside the state, originally entered
into by a local publicly owned electric utility before June 1,2010, that is
not subsequently modified to result in an extension of the duration of the
agreement or result in an increase in total quantities of energy delivered
during any compliance period set forth in subdivision (b).

(B) The governing board of a local publicly owned elechic utility shall
demonstrate in its renewable energy resources procurement plan required
pursuant to subdivision (f) that any cancellation or divestment of the
commitment would result in significant economic harm to its retail customers
that cannot be substantially mitigated through resale, transfer to another
entity, early closure of the facility, or other feasible measures.

(2) For the compliance period set forth in paragraph (4) of subdivision
(b), a local publicly owned electric utility meeting the requirement of
subparagraph (B) of paragraph (1) may adjust its renewable energy
procurement targets to ensure that the procurement of additional electricity
from eligible renewable energy resources, in combination with the
procurement of electricity from nnavoidable long-term contracts and
ownership agreements, does not exceed the total retail sales of the local
publicly owned electric utility tluring that cornpliartce period. The local
publicly owned electric utility may limit its procurement of eligible
renewable energy resources for that compliance period to no less than an

average of33 percent ofits retail sales.
(3) The Energy Commission shall approve any reductions in procurement

targets proposed by a local publicly owned electric utility if it determines
that the requirements of this subdivision are satisfied.

(m) A local publicly owned electric utility shall retain discretion over
both of the following:

(1) The mix of eligible renewable energy resources procured by the utility
and those additional generation resources procured by the utility for purposes
of ensuring resource adequacy and reliability.

(2) The reasonable costs incured by the utility for eligible renewable
energy resources owned by the utility.

(n) The Energy Commission shall adoptregulations speci$ing procedures
for enforcement ofthis article. The regulations shall include a public process
under which the Energy Commission may issue a notice of violation and
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corection against a local publicly owned electric utility for failure to comply
with this article, and for referral of violations to the State Air Resources
Board for penalties pursuant to subdivision (o).

(o) (1) Upon a determination by the Energy Commission that a local
publicly owned electric utility has failed to comply with this article, the

Energy Commission shall refer the failure to comply with this article to the
StattAir Resources Board, which may impose penalties to enforce this
article consistent with Part 6 (commencing with Section 38580) of Division
25.5 of the Health and Safety Code, Any penalties imposed shall be
comparable to those adopted by the commission for noncompliance by retail
sellers.

(2) Any penalties collected by the State Air Resources Board pursuant
to this article shall be deposited in theAir Pollution Control Fund and, upon
appropriation by the Legislature, shall be expended for reducing emissions
of air pollution or greenhouse gases within the same geographic area as the
local publicly owned electric utility.

SEC. 5. Section 454.53 is added to the Public Utilities Code, to read:
454.53. (a) It is the policy of the state that eligible renewable energy

resources and zero-carbon resources supply 100 percent of all retail sales

of electricity to California end-use customers and 100 percent of electricity
procured to serve all state agencies by Decemb et 31,2045. The achievement
of tnis policy for Califomia shall not increase carbon emissions elsewhere
in the western grid and shall not allow resource shuffiing. The commission
and Energy Commission, in consultation with the StateAir Resources Board,
shall take steps to ensure that a transition to a zero-carbon electric system
for the State of California does not cause or contribute to greenhouse gas

emissions increases elsewhere in the western grid, and is undertaken in a
manner consistent with clause 3 of Section 8 ofArticle I ofthe United States

Constitution. The commission, the Energy Commission, the State Air
Resources Board, and all other state agencies shall incorporate this policy
into all relevant planning.

(b) The commission, Energy Commission, state board, and all other state

agencies shall ensure that actions taken in furtherance of subdivision (a) do
all of the following:

(l) Maintain and protect the safety, reliable operation, and balancing of
the electric system.

(2) Prevent unreasonable impacts to electricity, gas, and water customer
rates and bills resulting from implementation of this section, taking into full
consideration the economic and environmental costs and benefits of
renewable energy and zero-carbon resources.

(3) To the extent feasible and authorized under law, lead to the adoption
ofpolicies and taking ofactions in other sectors to obtain greenhouse gas

emission reductions that ensure equity between other sectors and the
electricity sector.

(4) Not aflect in any manner the rules and requirements for the oversight
of, and enforcement against, retail sellers and local publicly owned utilities
pursuant to the California Renewables Portfolio Standard Program (Article
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16 (commencing with Section 399.11) of Chapter2.3) and Sections 454.51,
454.52,9621, and9622.

(c) Nothing in this section shall affect a retail seller's obligation to comply
with the federal Public Utility Regulatory Policies Act of 1978 (16 U.S.C.
Sec.2601 et seq.).

(d) The commission, Energy Commission, and state board shall do both
of the following:

(l) Utilize programs authorized under existing statutes to achieve the
policy described in subdivision (a).- 

(2) In consultation with all California balancing authorities, as defined
in subdivision (d) of Secti on399.12, as part of a public process, issue a joint
report to the Legislature by January 1,2021, and at least every four years

thereafter. The joint report shall include all of the following:
(A) A review of the policy described in subdivision (a) focused on

technologies, forecasts, then-existing transmission, and maintaining safety,
environmental and public safety protection, affordability, and system and
local reliability.

(B) An evaluation identiSing the potential benefits and impacts on system
and iocal reliability associated with achieving the policy described in
subdivision (a).

(C) An evaluation identiSing the nature of any anticipated financial costs

and benefits to electric, gas, and water utilities, including customer rate
impacts and benefits.

(D) The barriers to, and benefits of, achieving the policy described in
subdivision (a).

(E) Alternative scenarios in which the policy described in subdivision
(a) can be achieved and the estimated costs and benefits ofeach scenario.

(e) Nothing in this section authorizes the commission to establish any
requirements on a nonmobile self-cogeneration or cogeneration facility that
seived onsite load, or that served load pursuant to an over-the-fence
arrangement if that arrangement existed otr or before December 20,1995.

SEC. 6. No reimbursement is required by this act pursuant to Section 6

of Article XIIIB of the California Constitution because a local agency or
school district has the authority to levy service charges, fees, or assessments

sufficient to pay for the program or level of service mandated by this act or
because costs that may be incurred by a local agency or school district will
be incurred because this act creates a new crime or infraction, eliminates a

crime or infraction, or changes the penalty for a crime or infraction, within
the meaning of Section 17556 of the Govemment Code, or changes the

definition of a crime within the meaning of Section 6 of Article XIII B of
the California Constitution.
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PUBLIC UTILITIES COMMISSION OF THE STATE OF CALIFORNIA

SAFETY AND ENFORCEMENT DIVISION
Electric Safety and Reliability Branch

Resolution ESRB-8
July 12,2018

RESOL IITION

RESOLUTION EXTENDING DE-ENERGIZATION REASONABLENESS,
NOTIFICATION, MITIGATION AND REPORTING REQUIREMENTS
IN DECISION 12.04 -024 TO ALL ELECTRIC INVESTOR OWNED
UTILITIES.

PROPOSED OUTCOME:
This Resolution extends the de-energization reasonableness, public notification, mitigation
and reporting requirements in Decision (D.) 12-04-024 to all electric Investor Owned

Utilities (lOUs) and adds new requirements. It also places a requirement on utilities to make

all feasible and appropriate attempts to notify customers of a de-energization event prior to
performing de-energization.

SAFETY CONSIDERATIONS :

De-energizing electric facilities during dangerous conditions can save lives and property and

can prevent wildfires. This resolution provides guidelines that IOUs must follow and

strengthens public safety requirements when an IOU decides to de-energize its facilities
during dangerous conditions.

ESTIMATED COST: Costs of compliance with the new requirements are unknown.

SUMMARY

Commission Decision (D.) 12-04-024 established requirements for reasonableness, notification,
mitigation and reporting by San Diego Gas & Electric Company (SDG&E) for its
de-energization events.

This resolution extends the requirements established inD.12-04-024 to all electric IOUs, requires

that the utilities meet with the local communities that may be impacted by a future

de-energization event before putting the practice in effect in a particular area, requires feasible

and appropriate customer notifications prior to a de-energization event, and requires notification
to the Safety and Enforcement Division (SED) as soon as practicable after a decision to

de-energize facilities and within l2 hours after the last service is restored.

1,218186823



Resolution ESRB-8 luly 12,2018

BACKGROUND

California Public Utilities Code (PU Code) Sections 451 and 399.2(a) give electric utilities
authority to shut off electric power in order to protect public safety. This authority includes

shutting off power for the prevention of fires caused by strong winds.

Application (A.) 08-12-021 filed by SDG&E on December 22,2008, requested specific authority
to shut off power as a fire-prevention measure against severe Santa Ana winds and a review of
SDG&E's proactive de-energization measures. SDG&E also requested that such power shut-offs
would qualify for an exemption from liability under SDG&E's Tariff Rule 14.

Decision (D.) l2-04-024 issued on April 19,2012 provided guidance on SDG&E's authority to
shut off power under the PU Code and also established factors the Commission may consider in
determining whether or not a decision by SDG&E to shut off power was reasonable. The

decision ruled that SDG&E has the authority under Public Utilities Code, Sections 451 and

399.2(a) to shut off power in emergency situations when necessary to protect public safety. It
also ruled that a decision to shut off power by SDG&E under its statutory authority, including
the adequacy of any notice given and any mitigation measures implemented, may be reviewed by
the Commission to determine if SDG&E's actions were reasonable. The decision requires

SDG&E to take appropriate and feasible steps to provide notice and mitigation to its customers

whenever it shuts off power. The decision also requires SDG&E to notify the Commission's
Consumer Protection and Safety Division, now the Safety and Enforcement Division (SED), of
the shut-off within 12 hours and submit a report to SED with a detailed explanation of its
decision to shut off the power.

Southern California Edison Company (SCE) and Pacific Gas and Electric Company (PG&E)
both currently exercise their authority to shut off power during dangerous fire conditions.

However, there are currently no established standards on reasonableness, notification, mitigation
and reporting by IOUs other than SDG&E.

DISCUSSION

The 2017 Califomia wildfire season was the most destructive wildfire season on record, and saw

multiple wildfires burning across California, including five of the 20 most destructive wildland-
urban interface fires in the state's history. Devastating fires raged in Santa Rosa, Los Angeles,

and Ventura, andthe Thomas Fire proved to be the largest wildfire in California history. These

fires further demonstrated the fire risk in California. As a result of the fires and critical fire
weather conditions, both the President of the United States and the Governor of Califomia issued

State of Emergency declarations.

SDG&E exercised its statutory authority under Public Utilities Code Sections 451 and 399.2(a),

to de-energize specific circuits in December of 2017 . The first group of de-energization events

occurred during the period of December 4 through 12, 2017 . There were 5 5 individual circuit
de-energization events involving 28 circuits (some circuits had multiple de-energization events)

in various eastern San Diego County communities. A total of approximately 14,000 customers

were affected.
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A second group of de-energization events occurred on December l4 and 15,2017. There were

six individual circuit de-energization events involving three circuits in various eastern San Diego

County communities. A total of approximately 650 customers were affected.

In2017, SCE also used de-energization as a measure to protect its system against fire safety

hazards. The de-energization event occurred on December 7,2017 and affected customers in the

community of Idyllwild. Approximately 8,061 total customers were affected in SCE's and

nearby Anza Co-Op's service territories. The de-energization event occurred in response to a

Red Flag Warning in effect, SCE meteorological forecasting, field-validated extreme high winds
and associated fire risks in the area.

According to SCE, during such an event, the company typically attempts to notify customers

who could be affected prior to de-energization if timing allows. For the December 7 ,2017 event,

SCE notified city, county and government officials prior to de-energizing but was not able to

notify affected customers prior to the outage occurring. SCE also utilizes other wildfire
mitigation practices, such as blocking of distribution reclosers in High Fire Areas, prior to
de-energization. According to SCE, de-energization of circuits would be the last line of defense

to protect public safety due to extreme fire weather conditions. SCE requires that such an event

must be authorized by its activated Incident Management Team.

PG&E reports that prior to 2018, it did not have a policy to de-energize lines as a fire prevention

measure. PG&E reported that it did not proactively de-energize lines due to extreme fire weather

conditions in2017. However, in March 2018 PG&E announced that it is developing a program

to de-energize lines during periods of extreme fire conditions and has been meeting with local

communities to gather feedback.

I. Current De-Energization Policies Applicable to SDG&E

D.12-04-024 established de-energizationpolicies applicable to SDG&E addressing reporting,
reasonableness review and customer notification.

A. Reporting

Under D.12-04-024, SDG&E is required to provide the following notifications:

A notification to the Director of SED provided no later than 12 hours after the power

shut-off.

A report to the Director of SED provided no later than 10 business days after the shut-off
event ends that includes (i) an explanation of the decision to shut off power; (ii) all
factors considered in the decision to shut off power, including wind speed, temperature,

humidity, and moisture in the vicinity of the de-energized circuits; (iii) the time, place,

and duration of the shut-off event; (iv) the number of affected customers, broken down

by residential, medical baseline, commercial/industrial, and other; (v) any wind-related
damage to SDG&E's overhead power-line facilities in the areas where power is shut off;
(vi) a description of the notice to customers and any other mitigation provided by

a
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SDG&E; and (vii) any other matters that SDG&E believes are relevant to the

Commission's assessment of the reasonableness of SDG&E's decision to shut off power

As other electric IOUs shut off power in a similar manner and in similar situations, such

notifications are important to allow safety oversight by SED, and it would be appropriate to have

these reporting requirements apply to all electric IOUs' de-energization events.

B. Reasonableness Review

D.12-04-024 identified several factors that the Commission may consider in assessing whether
an SDG&E decision to de-energize "was reasonable and qualifies for an exemption from liability
under SDG&E's Electric TariffRule 14."1 These factors are summarized below:

SDG&E has the burden of demonstrating that its decision to shut off power is necessary

to protect public safety.

SDG&E must rely on other measures, to the extent available, as alternatives to shutting
off power.

SDG&E must reasonably believe that there is an imminent and significant risk that strong

winds will topple its power lines onto tinder dry vegetation during periods of extreme fire
hazard.

SDG&E must consider efforts to mitigate the adverse impacts on the customers and

communities in areas where it shuts off power. This includes steps to warn and protect its

customers whenever it shuts off power.

Other additional factors, as appropriate, to assess whether the decision to shut off power

is reasonable.

As other electric IOUs are developing andlor instituting de-energization plans, it is important that

these factors be used to assess the reasonableness of all electric IOU de-energization events in

order to ensure that the power shut off is executed only as a last resort and for a good reason.

However, we modify the third factor listed above by adding the phrase underlined below:

o [The IOU] must reasonably believe that there is an imminent and significant risk that
strong winds will topple its power lines onto tinder dry vegetation or will cause major
vesetation-related impacts on its facilities during periods of extreme fire hazard.

C. Public Outreach. Notification" and Mitieation

D.12-04-024 requires that SDG&E provide notice and mitigation to its customers, to the extent

feasible and appropriate, whenever SDG&E shuts off power pursuant to its statutory authority.

a

a

a

a

a
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As other electric IOUs are developing and/or instituting de-energization plans, it is important that

this requirement for public outreach, notification, and mitigation apply to all electric IOUs in

order to ensure that customers are impacted to the least extent necessary. We recognize that it is
not practicable to have an absolute requirement that electric IOUs provide advance notification

to customers prior to a de-energization event.

II. Strengthened Requirements Applicable to all Electric IOUs

Recent California experience with wildfires demands that we enhance existing de-energization

policy and procedures. In order to ensure that the public and local officials are prepared for
power shut off and aware of an IOU de-energization policy, and in order to ensure proper safety

oversight by SED, we adopt the following:

l. The guidelines in D.I2-04-024, currently applicable to SDG&E only, shall apply to all
electric IOUs.

2. The guidelines shall be strengthened as described in the following sections and the

strengthened guidelines shall apply to all electric IOUs.

A. Reportine

IOUs shall submit a report to the Director of SED within l0 business days after each de-

energization event, as well as after high-threat events where the IOU provided notifications to

local government, agencies, and customcrs of possible de-energization though no de-energization

occurred. Reports to the Director of SED must include at a minimum the following information:

. The local communities' representatives the IOU contacted prior to de-energizatlon,the
date on which they were contacted, and whether the areas affected by the de-energization

are classifie d as Zone 1, Tier 2, or Tier 3 as per the definition in General Order 95, Rule

21.2-D.

o If an IOU is not able to provide customers with notice at least 2 hours prior to the

de-energization event, the IOU shall provide an explanation in its report.

o The IOU shall summarize the number and nature of complaints received as the result of
the de-energization event and include claims that are filed against the IOU because of
de-energization.

o The IOU shall provide detailed description of the steps it took to restore power.

o The IOU shall identify the address of each community assistance location during a

de-energization event, describe the location (in a building, atrailer, etc.), describe the

assistance available at each location, and give the days and hours that it was open.

B. ReasonablenessReview

The reasonableness review discussion inD.l'2-04-024 and detailed above shall apply to all
electric IOUs. At this timc, wc orc not odding odditional requirements and, while rve recognize

that this issue along with financial liability are important ongoing discussions, this resolution is

not the venue for that discussion.
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C. Public Outreach. Notification. and Mitieation

Increased coordination, communication and public education can be effective measures to

increase public safety and minimize adverse impact from de-enetgization.

a

o

a

The IOU shall notify the Director of SED, as soon as practicable, once it decides to
de-energize its facilities. If the notification was not prior to the de-energization event, the

IOU shall explain why a pre-event notification was not possible. The notification shall

include the area affected, an estimate of the number of customers affected, and an

estimated restoration time. The IOU shall also notify the Director of SED of full
restoration within 12 hours from the time the last service is restored.

Within 90 days of the effective date of this resolution, each IOU shall convene

De-Energization lnformational Workshops with representatives of entities that may be

affected by a de-energization event, including but not limited to: state agencies, tribal
governments, local agencies and representatives from local communities. Workshops

should be inclusive of, but not limited to, representatives of customers who are low-

incomeo have limited English, have disabilities, or are elderly. The purpose of these

workshops is to explain, and receive feedback on, the IOU's de-energization policies and

procedures. The workshops should be supplemented by focused working sessions, upon

request by specific groups such as communications providers or Community Choice

Aggregators that might have notification needs different than those of the general public.

Within 30 days of the effective date of this resolution, each IOU shall submit a report to

the Director of SED outlining its public outreach, notification, and mitigation plan. The

plan must include at a minimum, the following information:

o Names of communities that will be invited to De-Energization Informational
Workshops.

o Names of state agencies and tribal governments that the IOU will coordinate with in
developing its de-energizationplan and will invite to De-Energization Informational
Workshops.

o Names of local agencies the IOU will coordinate with in developing its
de-energization plan and will invite to De-Energization Informational Workshops.

o Proposed communication methods for publicizing and convening the De-Energization
Informational Workshops.

o Details regarding its plans for notification in advance of, and during, a

de-energization event, and its plans for mitigation when de-energization occurs.

The IOU shall ensure that de-energization policies and procedures are well-
communicated and made publicly available, including the following:

o Make available and post a summary of de-energization policies and procedures on its

website.

o Meet with representatives from local communities that may be affected by

6
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de-energization events, before putting the practice in effect in a particular arca.

o Provide its de-energization and restoration policy in full, and in summary form, to the

affected community officials before de-energizing its circuits.

o Discuss the details of any potential shut-off and mitigation measures that the

communities should consider putting in place, including information about any

assistance that the IOU may be able to provide during events.

In anticipation of a specific de-energization event, the IOU shall:

o Notify customers of planned de-energization as soon as practicable before the event.

o As practicable and operationally feasible, notify and communicate with
representatives from the fire departments, first responders, local communities,
govemment, communications providers, and Community Choice Aggregators that

may be affected by the de-energization event.

o Discuss with local government and community representatives the details of any

potential shut-off and mitigation measures the IOU can provide to lessen the negative

impacts of the power outage (e.g., cooling centers).

o Ensure that critical facilities such as hospitals, emergency centers, fire departments,

and water plants are aware of the planned de-energization event.

The IOU shall retain documentation of community meetings and information provided in

electronic form, and make that information available to SED upon request. The

information shall be retained for a minimum of one year after the de-energization event

or five years after the community meetings, whichever comes first.

After the de-energization event, IOUs shall assist critical facility customers to evaluate

their needs for backup power and determine whether additional equipment is needed. To

address public safety impacts of a de-energization event, the IOU may provide generators

to critical facilities that are not well prepared for a power shut off.

The IOU shall retain records of customer notifications and make that information

available to SED upon request. The information shall be retained for a minimum of one

year after the de-energization event.

o

o

a

COMME S ON DRAF'T I,IITION

PU Code Section 3 I I (g)( 1) provides that a resolution must be served on all parties and subject to

at least 30 days public review and comment prior to a vote of the Commission. Section 31 I (gX2)

provides that this 30-day period may be reduced or waived upon the stipulation of all parties in

the proceeding or in other specified situations.

The draft resolution was mailed to parties for comment on May 30,2018, and was noticed on the

Commission's Daily Calendar on June 8, 2018. The 30-day comment period for the draft

resolution was neither waived nor reduced. Parties submitted comments by June 28,2018, and

reply oonunents by July 6, 2018.
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Based on parties' comments, several modifications were made to the draft resolution, including

the following:

o One of the factors specified inD.12-04-024 for consideration during reasonableness

reviews was expanded for use when applied to all IOUs'

o The requirements for reporting events that do not eventually trigger de-energization were

clarified.

o The full restoration reporting period to the SED was increased from 30 minutes to l2
hours.

. The period for convening De-Energization Informational Workshops was increased from

60 days to 90 days.

o The guidance for meeting with local communities was made a general requirement, rather

than tied to specific de-energization events.

o Low-income, limited English, and disability communities were added to the list of parties

to include in the De-Energization Informational Workshops.

o Communications providers were added to the list of representatives to be notified in
anticipation of a de-energization event.

o The requirement to provide generators andlor batteries to critical facilities was removed

since most critical facilities are required to have their own back-up power resources.

Also in response to comments by the parties, we clarify that the requirements adopted in this

resolution are not in conflict with IOU authority to de-energize power lines to ensure public

safety provided under the PU Code. We expect an IOU to use its best judgment on a case-by-

case basis to determine whether de-energization is needed for public safety. We hold this

expectation even if an IOU has not complied fully with each of the requirements in this

resolution, for example, if a need for de-energization arises before an IOU has meet with the

impacted local communities. If an IOU did not fulfill one or more of the requirements in this

resolution prior to a de-energization, the IOU shall identify the missed requirement(s) and

provide an explanation in its report submitted to the Director of SED after the de-energization

event.

FINDINGS

l. Under PU Code Sections 451 and399.2(a), electric IOUs have the authority to shut off
power in order to protect public safety.

2. The decision to de-energize electric facilities for public safety is complex and dependent on

many factors including and not limited to fuel moisture; aerial and ground firefighting
capabilities; active fires that indicate fire conditions; situational awareness provided by fire

agencies, the National Weather Service and the United States Forest Service; and local

meteorological conditions of humidity and winds.

3. The decision to shut off power may be reviewed by the Commission pursuant to its broad
jurisdiction over public safety and utility operations.

8
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4. The requirements for reporting, public outreach, notification, mitigation and reasonableness

review inD.12-04-024 are effective, but are only applicable to SDG&E.

5. All electric IOUs may face similar safety situations requiring power shut-off in emergencies

and de-energization events in their service territory.

6. De-energization of electric facilities could save lives, protect property, and prevent fires.

7. The measures in D.l2-04-024 should be strengthened to further ensure that the public and

local officials are prepared for de-energization events and to ensure the proper safety

oversight by the Commission's Safety and Enforcement Division.

THEREFORE.IT IS ORDERED THAT:

l. All electric IOUs shall take appropriate and feasible steps to provide notice and mitigation to

their customers in accordance with the guidelines in D.l2-04-024 whenever they shut off
power pursuant to their statutory authority.

2. All electric IOUs shall follow the notification requirements to SED established in D.12-04-
024.

3. All electric IOUs shall comply with the additional guidelines stated in the section of this
resolution titled "strengthened Requirements Applicable to all Electric IOUs."

This Resolution is effective today

I certify that the foregoing resolution was duly introduced, passed and adopted at a conference of
the Public Utilities Commission of the State of California held on July 12,2018; the following
Commissioners voting favorably thereon:

/ s/ ALICE STEBBINS
ALICE STEBBINS
Executive Director

MICHAEL PICKER
President

CARLA I. PETERMAN
LIANE M. RANDOLPH
MARTHA GUZMAN ACEVES
CLIFFORD RECHTSCHAFFEN

Commissioners
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PREFACE

The California Energy Commission's Energy Research and Development Division supports

energy research and development programs to spur innovation in energy efficiency, renewable

energy and advanced clean generation, energy-related environmental protection, energy

transmission and disftibution and transportation.

ln2Ol2, the Electric Program Investment Charge (EPIC) was established by the California Public

utilities Commission to fund public investments in research to create and advance new energy

solutions, foster regional innovation and bring ideas from the lab to the marketplace. The

California Energy Commission and the state's three largest investor-owned utilities - Pacific Gas

and Electric Company, San Diego Gas & Electric Company and Southern California Edison

Company - were selected to administer the EPIC funds and advance novel technologies, tools,

and strategies that provide benefits to their electric ratepayers.

The Energy Commission is committed to ensuring public participation in its research and

development programs that promote greater reliability, lower costs, and increase safety for the

California electric ratepayer and include:

. Providing societal benefits.

. Reducing greenhouse gas emission in the electricity sector at the lowest possible cost.

. Supporting California's loading order to meet energy needs first with energy efficiency

and demand response, next with renewable energy (distributed generation and utility
scale), and finally with clean, conventional electricity supply.

. Supporting low-emission vehicles and transportation.

. Providing economic development.

. Using ratepayer funds efficiently.

Deep Decarbonization in a High Renewables Future: Updated Results from the California

PATITWAYS Modelis the final report for the Long-Term Energy Scenarios project (Contract

Number EPC-14-069) conducted by Energy and Environmental Economics, Inc. (E3). The

information from this project contributes to Energy Research and Development Division's EPIC

Program.

For more information about the Energy Research and Development Division, please visit the

Energy Commission's website at rwvw.enerqy,ca.govlresearch/ or contact the Energy

Commission at 916-327-l 5 5 1.
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ABSTRACT

This project evaluates long-term energy scenarios in California through 2050 using the

California PATHWAYS model. These scenarios investigate options and costs to achieve a 40

percent reduction in greenhouse gas emissions by 2030 and an 80 percent reduction in
greenhouse gas emissions by 2050, relative to 1990 levels.

Ten mitigation scenarios are evaluated, each designed to achieve the state's greenhouse gas

reduction goals subject to a changing California climate. All mitigation scenarios are

characterized by high levels of energy efficiency and conservation, renewable electricity
generation, and transportation electrification.

The mitigation scenarios differ in their assumptions about biofuels and building electrification,

among other variations. The High Electrification scenario is found to be one of the lower-cost

and lower-risk mitigation scenarios, subject to uncertainties in building retrofit costs as well as

implementation challenges.

This research highlights the pivotal role of the consumer in meeting the state's climate goals.

To achieve high levels of adoption of electric vehicles, energy efficiency and electrification in

buildings, near-term action is necessary to avoid costly replacement of long-lived equipment in

10-15 years. Furthermore, market transformation is essential to reduce the capital cost of
electric vehicles and heat pumps.

Ke)ryvords: 2050 pathways, greenhouse gas emissions, climate change, California long-term

energy scenarios, electriftcation, enerry efficiency, Iow-carbon biofuels, Iow-carbon electricity

Please use the following citation for this report:

Mahone, Amber, Zachary Subin, Jenya Kahn-Lang, Douglas Allen, Vivian Li, Gerrit De Moot,

Nancy Ryan, Snuller Price. 2OI8. Deep Decarbonization in a High Renewables Future:

Updated Results from the California PATLMAYS Model. California Energy Commission.
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EXECUTIVE SUMMARY

Introduction
This project evaluates long-term energy scenarios through 2050 using a techno-economic

model known as the California PATHWAYS model. These scenarios investigate options and

costs for California in a changing climate to achieve a mandated 40 percent reduction in
greenhouse gas (GHGs) emissions by 2030, and an B0 percent reduction in GHGs by 2050,

relative to 1990 levels.

ln2017, California extended the state's Cap-and-Trade Program through 2030 (Assembly Bill

398, Garcia. Chapter 135. Statutes of 2017). The carbon price resulting from the Cap-and-Trade

Program will help improve the economics of low-carbon alternatives, yet it is not clear whether

the carbon price on its own will be sufficient to close the gap between emissions reductions

achieved through current policies and the 2030 GHG target. The scenarios investigated in this

research suggest that additional upfront cost incentives or subsidies, technological

breakthroughs, and business and policy innovations may be required. While this research does

not specifically address the role of cap and trade in meeting the state's climate goals, it
highlights the physical transformations of the state's energy economy that is necessary and the

challenges in accomplishing that transformation for new equipment sales, megawatts of
renewable energy procuted, and the production of zero-carbon fuels.

Project Purpose

This project advances the understanding of what is required for technology deployment and

other GHG mitigation strategies if California is to meet its long-term climatc goals. This

research provides researchers and policy makers with information about key choices that could

lower the costs of meeting the state's GHG reduction goals. Moreover, this analysis incorporates

and evaluates the implications of the expected impacts of climate change on the electricity

system through 2050 to inform California's Fourth Climate Change Assessment.

This research addresses the key questions:

. What are the priority, near-term strategies in the areas of scaling-up deployment, market

transformation and reach technologies needed to achieve California's 2030 and 2050

GHG reduction goals?

. What are the risks to, and potential cost implications of, meeting the state's GHG goals

if key mitigation strategies are not as successful as hoped?

hoject Process

Long-term energy scenarios through 2050 are analyzed using the California PATHWAYS model,

an economy wide, technology-specific scenario tool developed by Energy and Environmental

Economics (E3) from 2009 through the present. The PATHWAYS scenarios leverage prior

research and analysis from other state energy agencies and from E3, building upon and

expanding E3's prior work.

These scenarios use the latest research from the University of California Irvine (EPC-I4-O74)

with results providing the expected impacts of climate change on the electricity sector through
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2050. These results specifically show a lower average availability of hydroelec[ic generation

available to California and higher average temperatures, which result in lower heating demands

in buildings and higher air-conditioning demands.

In addition, researchers use a least-cost capacity expansion dispatch model, E3's Renewable

Energy Solutions Model (RESOLVE), to test the impact of the PATHWAYS scenarios on the

California electricity grid. The RESOLVE model evaluates least-cost capacity expansion options

for the California electricity sector and generation dispatch solutions through 2050 using the

PATHWAYS scenario results of an electricity sector greenhouse gas constraint and a set of
electricity demands. The modeled geography represents the entire state (with simplified

assumptions in the rest of the Western Interconnection) through 2050.

Key changes to these scenarios, relative to E3's prior work, include updated technology and fuel

cost assumptions, with lower cost trajectories for renewable electricity, energy storage and

electric vehicles, and updated cost assumptions for alternative fuel trucking technologies. The

analysis also includes a lower base case assumption about the consumer cost of capital. In

addition, most scenarios consider a biofuels-constrained future, whereby only biomass waste

and residues are available to produce biofuels from within the United States. Purpose-grown

crops are excluded from these scenarios because of the potential emissions from indirect land-

use change. In these scenarios, biofuel production efficiencies and costs do not change over

time, resulting in relatively limited and high-cost biofuels.

Scenarios Evaluated

Three types of California long-term enelgy scenarios are developed, including

o A "Reference" or business-as-usual scenario, reflecting policies prior to the passage of

Senate Bill (SB) 350 (33 percent Renewables Portfolio Standard from 2030 through 2050

and historical levels of energy efficiency savings)

. A "Senate Bill 350" scenario, which reflects the impact of SB 350 (De Le6n, Chapter 547,

Statutes 2015, which requires a 50 percent Renewables Portfolio Standard by 2030 and a

doubling of energy efficiency savings relative to historical goals), as well as other
policies that were in place as of 2016, including vehicle electrification and reductions in
short-lived climate pollutants by 2030

. "Mitigation" scenarios are evaluated which meet the state's 2030 and 2050 GHG goals

using different combinations of greenhouse gas reduction strategies. The "High

Elecpification" scenario is one of the ten mitigation scenarios evaluated, which meets

the state's climate goals using a plausible combination of greenhouse mitigation

technologies.

Scenarios test the impact of over- or underperformance on key technology deployment

trajectories to assess potential cost risks, and to identify priority areas for near-term action for

deployment, market transformation, and "reach" technologies that may be required to meet the

2050 greenhouse gas target. A reach technology is a technology not widely commercialized

today but has been demonstrated outside of laboratory conditions and has the potential to

mitigate emissions from sectors that are currently difficult to address. Ten mitigation scenarios

are developed in total to help identify which strategies are most olttcal to meetlng the state's
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2030 and 2050 greenhouse gas goals. These scenarios are used to identify key technology risks

and to evaluate the robustness of the state's climate mitigation strategies if one strategy does

not deliver greenhouse gas reductions as expected.

The report focuses on the High Electrification scenario, which is one of the lower-cost, lower-

risk mitigation scenarios. This scenario includes high levels of energy efficiency and

conservation, renewable electricity, and electrification of buildings and transportation, with

reliance on biomethane in the pipeline to serve mainly industrial end uses. The High

Electrification scenario assumes a transition of the state's buildings from using natural gas to

Iow-carbon electricity for heating demands. This transition presents a suite of implementation

challenges including uncertain feasibility and costs of retrofitting the state's existing building

stock, equity and disffibutional cost impacts, as well aS consumer acceptance.

Project Results

Achieving California's climate goals will fundamentally transform the state's energy economy,

requiring high levels of energy efficiency and conservation, electrification of vehicles, zero-

carbon fuels and reductions in non-combustion greenhouse gases. Meeting the state's 2030

climate goals requires scaling up and using technologies already in the market such as energy

efficiency and renewables, while pursing aggressive market transformation of new technologies

that have not yet been utilized at scale in California (for example, zero-emission vehicles and

electric heat pumps). In addition, at least one "reach" technology that has not been

commercially proven will likely be necessary to help meet the 2050 greenhouse gas goal, and to

mitigate the risk of other greenhouse gas reduction solutions falling short.

To achieve high levels of consurner adoption of zero-carbon technologies, particularly of

electric vehicles and energy efficiency and electric heat in buildings, market transformation is

needed to bring down the capital cost and to increase the range of options available. Market

transformation can be facilitated by:

1. Higher carbon prices, such as those created by the state's cap and trade and low-carbon

fuel standard programs, which reduce the cost differential between low-carbon fuels

and fossil fuels.

2. Codes and standards, regulations and direct incentives, to reduce the upfront cost to

the customer.

3. Business and policy innovations, to make zero-carbon technology options the cheaper,

preferred solution compared to the fossil fueled alternative.

Table 1 summarizes the key strategies identified through this research that should be

prioritized for scaled-up use, market transformation, and as "reach" technologies that may be

crucial to meet the 2050 greenhouse gas target.
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Table 1: Priority GHG Reduction Strategies

Scale Up & Deploy 2030 lndicative Metrics Key Ghallenges

Energy efficiency in

buildings & industry

Deployment of LED lighting, higher efficiency
plug loads, improved shell in existing
buildings, continued improvements and
enforcement of building codes, industrial EE

Consumer decisions and
market failures

Renewable electricity

70 - 80% zero-carbon electricity with
renewable integration solutions: flexible
loads, market-based curtailment, cost-
effective grid storage

lmplementation of
integration solutions

Smart growth

Reduced vehicle miles traveled through
increased use of public transit, walking,
biking, telepresence, and denser, mixed-use
community design

Consumer decisions and
legacy development

patterns

Market
Transformation

2030 lndicative Metrics Key Challenges

Zero-emission light-
duty vehicles (ZEV)

At least 6 million ZEVs, >60% of new sales
are ZEVs, drivers have access to day-time
charging stations and time-of-use charging

Consumer decisions and
cost

Advanced building
eff iciency/electrif ication

5Oo/o ol new water heater and HVAC sales
are high-efficiency heat pumps

Consumer decisions,
equity of cost impacts, cost

and retrofits of existing
buildings

Fluorinated (F)-gas
replacement

Replace F-gases with lower global warming
potential (GWP) refrigerants

Standards needed to
require alternatives

Methane capture
Methane capture from manure, fugitive and
process emissions, landfills, and
wastewater

Smalland ditfuse point
sources

Reach Technologies 2030 lndicative Metrics Key Challenges

Advanced sustainable
biofuels

Demonstrated use of sustainable, carbon-
neutral biomass feedstocks to produce
commercial-scale biofuels

Cost and sustainability
challenges

Zero-emissions heavy-
duty trucks

Commercial deployment of battery-electric
and/or hydrogen trucks

Cost

I nd ustrial electrification
Cost-competitive electrification of industrial
end-uses, including boilers, machine drives,
and process heating

Cost & technical
implementation challenges

Electrolysis hydrogen
production

lmproved cost and efficiency at commercial
scale. Business model for flexible hydrogen
production.

Cost

4
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High Elecuification Scenario Direct Costs Compared to the Reference Scenario

The net cost of transforming the state's energy economy to a low-carbon system is relatively

small. Fuel savings from reduced consumption of gasoline, diesel and natural gas help offset

the higher capital costs associated with low-carbon technologies. The estimated 2030 total

direct cost, (excluding health and climate benefits), to meet the state's climate goals range from

a savings of $2 billion per year to net costs of $17 billion per year, with a base case result of $9

billion per year in 2030. This amount is less than the recovery costs associated with one large

natural disaster, such as the recent 2017 wildfires in Northern California. Put differently, the

estimated 2030 cost of reducing statewide greenhouse gas emissions by 40 percent is likely to

range from a savings of 0.1 percent to costs of 0.5 percent of California's gross state product,

and the societal benefits of the GHG reductions achieved are likely to outweigh these costs. For

example, in other studies, the estimated health benefits associated with reducing GHG

emissions, and thus improving air quality, have been estimated to exceed these direct costs.

The upfront capital cost investment, however, is still significant, and is spread across both

businesses and households - some of which have better access to low-cost capital than others.

Long-term fuel savings, or even lifecycle cost savings, may not convince businesses and

households to make the switch to new technologies with which they have little experience. A

key challenge is convincing millions of households and businesses to adopt these technologies

and become the drivers of change to a low-carbon economy.

Finally, this study aggregates statewide costs and benefits, explicitly excluding the effect of

state incentives and in-state transfers, such as Cap-and-Trade, the Low Carbon Fuel Standard,

and utility energy efficiency programs. Costs borne by individual households will differ from

the average and will depend on policy implementation. Further research could investigate the

cost implications of specific state policies on individuals and businesses.

Uncertainty in Scenario Analysis

While these models produce numerically precise results, the long-term greenhouse gas

reduction scenarios resulting from the modeling are neither predictions nor forecasts of the

future. Several key assumptions, however, could change this study's findings about the High

Elecftification scenario as one of the lower-cost, lower-risk decarbonization pathways. First,

biofuels could be available at lower cost than modeled here, particularly if sustainability

concerns with purpose-grown crops are addressed, or if other jurisdictions continue to lag

California in decarbonizing their economies and so do not rely on advanced biofuels, resulting

in more of the global biofuel supply being available to California. Second, high costs associated

with retrofitting existing buildings for electric heating could significantly increase the cost of

the High Electrification scenario. This scenario assumes that building electrification could

proceed in California without requiring costly early retirement of end-use equipment, and

without creating cost equity impacts for natural gas customers which must be mitigated. These

assumptions deserve further research and inquiry.

Benefits of this Research to California

This research has evaluated options for meeting the state's economywide climate goals,

including assessing the potential effects on and implications for the electricity sector. This
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research provides decision-makers and researchers with information about the cost

implications and emissions tradeoffs between different greenhouse gas mitigation strategies

focusing on 2030 versus those focusing on 2050, and it highlights the pivotal role of the

consumer to help meet the state's climate goals.

Furthermore, this research has helped fund the development of widely used energy and

electricity sector planning tools, including the California PATHWAYS model and the electricity

sector capacity expansion and dispatch RESOLVE model. These energy and electricity planning

tools have been, and continued to be, used by many California state agencies to provide unique

insights into how the electricity system may evolve during the next 15 to 30 years to achieve

state goals.

The benefits of this project and research will continue to expand as future proiects build on

this work and through ongoing research and policy discussions within and outside California

on how to achieve deep reductions in greenhouse gas emissions.
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CHAPTER 1:
Meeting California's Long-term Climate Goals

Introduction
Climate change presents devastating risks to human health and welfare, the global economy

and ecosystems world-wide (IPCC,2Ol4). The impacts of climate change are already being

observed globally, and in California specifically, with increased temperatures, higher incidence

of wildfires, and changes to snowfall, snowmelt and precipitation patterns (CEC 2012, and

Kadir et al, 2013).

California is aiming to reduce its greenhouse gas emissions (GHG) while creating an energy

system that is resilient to climate risks, spurring innovation and a low-carbon transition

nationally and internationally. California's climate goals are among the most ambitious in the

country. California's Assembly Bill 32 (Nuflez, Chapter 4BB, Statutes of 2006) requires reducing

statewide GHG emissions to 1990levels by 2020, while Senate Bill 32 (Pavley, Chapter 249,

Statutes of 2016) requires reducing statewide emissions to 40% below 1990 levels by 2030. The

state's long-term climate commitment, laid out in Executive Order 5-3-05, calls for an 8O%

reduction in GHGs below 1990levels by 2050 (Figure 1). While ambitious, these goals represent

the minimum level of carbon abatement scientists believe is necessary globally to stave off the

effects of catastrophic climate change 0PCC, 2OI4).

Figure 1: California Greenhouse Gas Emissions Goals

1990 2m0 2010 2020 2030 2MO 2050

Source: E3 Wth historical GHG emissions data from California Air Resources Board Greenhouse Gas Emission lnventory

Pillars of Decarbonization

This work, and other related analyses, has shown that with aggressive technology deployment

and adoption it is possible for California to achieve its long-term carbon reduction goals

(Williams et al, 2012; Wei et al, 2012 and 2014; CCST, 2011; E3, 2016). In fact, the broad

strategies necessary to mitigate the worst impacts of climate change are well understood, and

slmllar miLigaljgl sl.r'aLegies ale seen in research efforts, regions and geographics (for cxamplc

DDPP, 2015 and United States White House Mid-Century Strategy for Deep Decarhonizatinn,

2016). These critical decarbonization strategies are illustrated in Figure 2 and include energy
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efficiency and conservation, electrification, low-carbon fuels (including electricity), and reducing

non-combustion GHG emissions.

Figure 2: Pillars of Decarbonization

*Nuclear, carbon capture and storage, black carbon emissions and land-use, land-change and forestry emlsslons are not

included within the scope of this analysis.

Source: E3

Energy efficiency and conservation are essential in all sectors of the economy: industry,

buildings and uansportation. Electrification is necessary to reduce the state's reliance on fossil

fuels, primarily in transportation, but also potentially in buildings and industry, if other

decarbonization strategies such as biofuels are in limited supply, or if other mitigation

strategies do not deliver as much GHG reductions as hoped. Furthermore, vehicles, buildings

and industries must be powered with low-carbon fuels. The largest source of low-carbon fuel in
a decarbonized future is likely to be renewable electricity, particularly in California where

renewable resources are plentiful. Low carbon fuels can also be produced with nuclear power,

fossil electricity generation with carbon capture and sequestration, biofuels, or using low-

carbon electricity to produce fuel, such as electrolysis to make hydrogen (this pathway is called

power-to-gas). Finally, non-combustion greenhouse gas emissions must be reduced, including

soil and forest carbon emissions and those from fluorinated (F)-gases, methane leakage, cement

manufacturing and biogenic (produced by living organisms) sources.

There is limited substitutability among these pillars (Figure 3); all mitigation scenarios rely

upon switching most end use energy consumption to low-carbon fuel sources. If one source of
low-carbon fuel, such as biofuels, is limited, then increasing use of decarbonized electricity and

hydrogen is required.
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Figure 3: Progress is Required Under the Four Pillars
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Scenario Design Philosophy
This analysis does not evaluate the possibility of new nuclear power or generation with carbon

capture and storage, with or without using biomass, in California. These options are explored in
more detail elsewhere (for example Rhodes, 2015; Sanchez,2OIS; Long, 2014).Instead, these

scenarios focus on the limits and implications of a high renewable electricity future, which is

the dominant strategy for low-carbon electricity in California today.

Furthermore, this analysis assumes that California's natural and working lands emit net-zero

GHG emissions, which would require significant improvements over historical experience,

which has seen net positive emissions from natural and working lands, largely due to wildfires.

This assumption, that in the future California will be able to mitigate existing land-use

emissions, is consistent with California's policy goal to turn the state's natural and working

lands into a carbon sink, achieving at least net-zero GHG emissions, if not net negative GHG

emissions (CARB, 2017a).In this framework, sources and sinks from natural and working land

are not explicitly modeled, in large part because emissions from these sources and sinks are

not currently included in the state's GHG emission inventory. New methods are being developed

for California creating improved retrospective and current estimates of GHG emissions from

natural and working lands. This on-going research may enable a better representation of
emissions from natural and working lands in this kind of scenario analysis in the future
(Battles, 2013; Gonzalez, 2015; Saah, 2016).

9



Continued Economic and Population Growth

These evaluated scenarios assume the current population and economic growth trends

continue through 2050.1 While these scenarios evaluate the impact of limited changes to

current energy consumption behaviors, such as the impact of smart growth policies and some

building energy savings from behavioral conservation, these changes are relatively minor

compared to what could be possible with major societal behavioral changes. For example, the

scenarios do not consider a major shift towards vegetarianism or widespread abandonment of
private vehicles to meet personal transportation needs.

I.imited Reliance on Advanced, Sustainable Biofuels

Biofuels, (such as ethanol, biodiesel, wood, renewable diesel, renewable gasoline and

biomethane) represent a source of low-carbon energy to California. Even though the COz

emissions from burning these biogenic fuels would have occurred anyway as the biomass

decayed, these fuels are considered net carbon neuffal in the state's greenhouse gas emission

inventory, which is based on the 2006 IPCC guidelines. As such, this study treats biofuels as net

carbon neutral fuels.

This study Iimits the supply of available biofuels in three important ways. First, most scenarios

exclude using purpose-grown crops or "energy crops" from the biofuel resource supply (the

exception is the "high biomass" scenario). The excluded energy crops include conventional food
qlops such as corn and sugar cane, as well as plantation forestry and high-yielding perennial

grasses like miscanthus. This study's primary data source for the biomass supply curves, the

U.S. DOE Billion Ton Update Study, includes purpose grown feedstocks that are estimated to

avoid indirect land-use change. However, other credible studies find that the risk of a net

increase in emissions from natural and working lands is large and poorly quantified (Plevin et

al, 2010; Melillo et al, 2009; Searchinger, 2008). As a result, most scenarios apply this more

restrictive biomass screen to avoid the risk that the cultivation of biomass for biofuels could

result in increased GHG emissions from natural or working lands.

Second, most scenarios assume that California has access to its in-state supply of waste

biomass feedstocks, and up to its population-weighted share of the United States supply of
sustainable biomass, based on Jaffe et al, 2017 and U.S. DOE, 2011 (with the exception of an in-

state only biomass scenario). This means that most scenarios limit total biomass resources to

equate to approximately 12% of the U.S. supply of waste feedstocks. None of the scenarios

assume that California imports biomass or biofuels from outside the U.S. or that California uses

more than its population-weighted share of the U.S. biomass supply. This assumption is based

on the scenario design philosophy that as California continues to decarbonize its energy

economy, the rest of the U.S. and the world will also do so, claiming access to their own

supplies of biomass and biofuels. By applying these assumptions of limited biomass, the

1 Population growth forecasts are based on the California Department of Finance prqiections

from 2014. Economic growth trends are implicitly included in PATHWAYS via benchmarking to

the California Energy Commission baseline forecast (CEC, 2016).
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scenarios create decarbonization strategies for California that could be replicated in other

biomass-constrained parts of the world seeking to follow a similar decarbonization traiectory'

Finally, the scenarios do not assume breakthroughs in the cost or conversion efficiency

performance of biofuels technology over time. This leads to relatively conservative forecasts of

future costs of biofuels in all scenarios.

Research Questions
While the broad pillars of decarbonization are generally well-understood, it is less well-

understood what the biggest deployment and technology risks are in achieving these long-term

plans, and how an understanding of those risks might shape polices and the research agenda

today. This research addresses that gap by asking the following research questions:

. What are priority, near-term areas for California to achieve 2030 and 2050 greenhouse

gas reduction goals? This question is evaluated for priorities in scaling-up deployment,

market transformation and "reach" technologies.

o What are the risks and potential cost implications of meeting the state's GHG goals if
key mitigation strategies are not as successful as hoped?

Through a better understanding of the cost, climate, technology adoption, and technology

development risks, California, and other jurisdictions that are also seeking to reduce GHG

emissions, can develop new policies or focused research and development efforts to help

mitigate these risks.

GHG Mitigation Strategies Tested
To guide the analysis, the study team symthesized key greenhouse gas mitigation strategies to

be modeled in PATHWAYS, testing their importance and associated risks. These strategies

include deploying new technologies and socially-coordinated actions such as smart growth to

reduce vehicle miles traveled. These strategies range from those with which the state has

extensive experience (for example, building energy efficiency) to nascent technologies that have

not been commercially developed (for example renewable hydrogen). However, the study team

excluded strategies that would require dramatic fundamental innovation before they could be

deployed, such as nuclear fusion, as well as uncertain events that could affect energy demand

and GHG emissions but are outside the control of California decision-makers, such as an

earthquake or a national or global economic shock.

The GHG mitigation strategies tested using the long-term energy scenarios include:

1. Building energy efficiency (EE), including conventional EE such as LED lightbulb

substitution and advanced EE including building retrofits and electrification.

Z. Renewable electricity, including solar, wind, geothermal, and small hydropower.

Renewable integration solutions such as flexible building and vehicle loads, renewable

diversity including out-of-state renewables, energy storage, and flexible hydrogen

electrolysis are tested as well.
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3. Smart growth that reduces light-duty vehicle miles traveled and increases the share of

higher-density new construction buildings, shifting towards more multi-family homes.

4. Mitigation of non-combustion emissions, including methane, COz from cement

production and many F-gases. Mitigation of black carbon was not evaluated.

S. Zero-emission light-duty vehicles, including plug-in hybrid (PHEVs), battery-electric

vehicles (BEVs) and hydrogen fuel-cell electric vehicles (FCEVS).

6. Heat pumps for buildings to replace natural gas heating in both HVAC and water

heating, as well as electrification of other building end uses, including cooking and

clothes drying.

7. Biofuels to replace Iiquid and gaseous fossil fuels. The focus is on advanced,

sustainable biofuels, excluding corn and sugarcane ethanol.

B. Indusuial energy efficiency and electrification.

g. Solutions for trucking and freight including alternative-fuel trucks such as hybrid-

electric or compressed natural gas (CNG), along with zero-emission trucks including

battery-electric vehicles (BEVs) and fuel cell-electric vehicles (FCEVS).

10. Hydrogen as an energy carrier, modeled here as hydrogen produced from centralized,

grid-connected proton-exchange membrane (PEM) electrolysis for use in vehicles and, in

small volumes, as a natural gas replacement in the pipeline'

11. Production of climate-neutral fuels, modeled here as synthctic mcthanc produced via

the reaction of CO, captured from the atmosphere or seawater with renewably-produced

hydrogen. As an emerging technology, this option is only evaluated in one of the ten

scenarios.

Each of these greenhouse gas mitigation strategies are tested in different combinations with

different timing and levels of deployment in the scenarios and sensitivities, as discussed below.

Scenarios Evaluated
Three types of California long-term energy scenarios are developed, including:

. A "Reference" or business-as-usual scenario, reflecting policies before the passage of

Senate Bill (SB) 350, specifically the 33 percent Renewable Portfolio Standard from 2030

through 2050 and historical levels of energy efficiency savings'

o An "SB 350" scenario, which reflects the impact of SB 350 (a 50 percent renewable

portfolio standard by 2030 and a doubling of energy efficiency savings relative to

historical goals) as well as other current policies as of 2016, including reductions in

short-lived climate pollutants by 2030'

o "Mitigation" scenarios are evaluated which meet the state's 2030 and 2050 GHG goals

using different combinations of GHG reduction strategies. The "High Electrification"

scenario is one of the 10 mitigation scenarios evaluated, which meets the state's climate

goals using a plausible low-cost, low-risk combination of GHG mitigation technologies'
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Ten mitigation scenarios are developed to help identify which strategies are most critical to

meeting the state's 2030 and 2050 GHG goals. These scenarios also isolate the estimated cost

and GHG implications of key uncertainties and are used to evaluate the robustness of the

state's climate mitigation strategies if one strategy does not deliver GHG reductions as

expected.

Reference Scenario

The Reference scenario reflects a California GHG emissions trajectory based on energy policies

that were in place prior to 2015, including the 33% Renewables Portfolio Standard (RPS). The

Reference scenario excludes the impacts of SB 350, and other recent climate policies and

initiatives such as the short-lived climate pollutant strategy required by Senate BilI l3B3 (Lara,

Chapter 395, Statutes of 2016). Key assumptions in the Reference scenario are summarized in
Table 2.
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Table 2: Key Assumptions in the Reference Scenario

Pillar of GHG

Reductions
Sector & Strategy Reference Scenario assumptions

Efficiency

Building electric &

natural gas

efficiency

Approximately 26,000 GWh of electric efficiency, and 940

million therms of natural gas efficiency in buildings, relative to

baseline load growth projections (approximately equal to the

2016 CEC IEPR additional achievable energy efficiency

(AAEE) mid-scenario)

Transportation

smart growth and

fueleconomy

Federal vehicle efficiency standards (new gasoline auto

averages 40 mpg in 2030). lmplementation of SB 375 (2o/o

reduction in vehicle miles traveled (VMT) relative to 2015)

lndustrial efficiency CEC IEPR 2016 AAEE mid-scenario

Electrification

Building

electrification
None

Zero-emission

light-duty vehicles

Mobile Source Strategy from the Vision Model Current Control

Program scenario: 3 million light-duty vehicle (LDV) zero-

emission vehicles (ZEVs) by 2030, 5 million LDV ZEVs by 2050

Mobile Source Strategy from the Vision Model Current Control

Program scenario: 20,000 alternative-fueled trucks by 2030

Zero-emission and

alternative fueled

trucks

Low carbon

fuels

Zero-carbon

electricity

Current RPS procurement achieves -35% RPS by 2020,

declining to 33% RPS with retirements post-2030. lncludes

current deployment of pumped storage and the energy storage

mandate (1.3 GW by 2020). No additional storage after 2020.

Advanced biofuels

10% carbon-intensity reduction Low Carbon Fuel Standard

including corn ethanol (1.2 billion GGE advanced biofuels in

2030 and 0.7 billion GGE corn ethanol in 2030)

Non-
combustion
GHGs

Reductions in

methane and

fluorinated gases

No mitigation: methane emissions constant after 2015,

fluorinated gases increase by 56% in 2030 and72% in 2050

Source: E3
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SB 350 Scenario

The SB 350 scenario includes all of the assumptions in the Reference scenario, but adds in the

estimated impacts of SB 350, the California Air Resources Board (ARB) Mobile Source Strategy

Cleaner Technologies and Fuels scenario and the .Shon-Iived Climate Pollutant Plan. These

impacts include a 50 percent RPS in 2030, a doubling of energy efficiency savings relative to the

"additional achievable energy efficiency" in the California Energy Commission's 2016 Integrated

Energy Policy Reportby 2026, higher adoption rates of ZEVs and reductions in non-combustion

GHG emissions.

Table 3: Key Policies and Assumptions in the SB 350 Scenario
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Pillar of GHG

Reductions
Sector & Strategy SB 350 Scenario, 2030 assumptions

Efficiency

Building electric &

natural gas efficiency

Approximately 46,000 GWh of electric energy efficiency

and 1,300 million therms of natural gas energy efficiency

in buildings, relative to baseline load growth projections

(reflecting targets under California SB 350, statutes of

2015)

Transportation smart

growth and fuel

economy

New gasoline auto averages 45 mpg, implementation of

SB 375 (2% reduction in VMT relative to 2015)

lndustrial efficiency Approximate doubling of efficiency in Reference scenario

Electrification

Building electrification None

Zero-emission

light-duty vehicles

Mobile Source Strategy: Cleaner Technologies and Fuels

scenario (4 million LDV ZEVs by 2030, 24 million by

2050)

Zero-emission and

alternative fueled

trucks

Mobile Source Strategy: Cleaner Technologies and Fuels

scenario (140,000 alternative-fueled trucks)

Low carbon
fuels

Zero-carbon electricity

50% RPS by 2030, Same energy storage as Reference,

10% of some building end uses and 50% of LDV EV

charging is flexible

Advanced biofuels
Same biofuel blend proportions as Reference, less total

biofuels than Reference due to higher adoption of ZEVs

Non-

combustion
GHGs

Reductions in

methane and

F-gases

34% reduction in methane emissions relative to 2015,

43% reduction in F-gases relative to 2015, 19% reduction

in other non-combustion GHGs relative to 2015.

Source: E3

High Electrification Scenario

The High Electrification Scenario includes all of the assumptions in the Reference and SB 350

scenarios, however, in many sectors includes more aggressive adoption and deployment of GHG

mitigation strategies to achieve the 2030 and 2050 GHG goals. These assumptions are

summarized in Tables 4-6.

Alternative Mitigation Scenarios and Sensitivitics
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In addition to the High Electrification scenario, nine Alternative Mitigation scenarios are tested

which meet the state's 2030 and 2050 GHG goals in PATHWAYS using different combinations of

mitigation technologies from the High Electrification scenario. These Alternative Mitigation

scenarios fall broadly into two categories: (1) reduced reliance on a key mitigation technology

choice within the state, with compensating GHG mitigation strategies used to meet the 2030

and 2050 climate goals; and (2) increased reliance on a key mitigation technology choice within

the state, with Iower GHG mitigation in other sectors, to meet the 2030 and 2050 climate goals.

The costs of these alternative scenarios are then evaluated and compared to the High

Electrification scenario.

All of the scenarios include relatively high levels of electrification; some of the scenarios result

in higher electric loads than the "High Electrification" scenario. The distinguishing feature of

the "High Electrification" scenario is that nearly a full suite of GHG mitigation options is used,

including electric heat pumps in buildings. Each of the Alternative Mitigation scenarios is

described in Table 6.

In addition to these alternative technology scenarios, one additional scenario is tested. The "No

Climate Change" scenario tests the impacts of not including the climate change impacts on

hydroelectric availability and building energy demand in the scenario. AII other scenarios

include the effects of climate change.

Cost sensitivities also probe uncertainties in economy-wide mitigation costs by changing key

cost inputs without changing energy or emissions assumptions. Cost sensitivities are not

comprehensive but rather emphasize a few key cost inputs whose effects may bracket the

overall cost uncertainty, including fossil fuel prices and demand-technology capital financing

rate.

The Role of Carbon Pricing and Cap and Trade

These scenarios do not attempt to directly model or predict the effect the state's Cap-and-Trade

program (Assembly Bill 398, Garcia, Chapter 135, Statutes of 2017)will have on consumer

behavior or on business decisions through 2030 or beyond'

The cap and trade law requires the ARB to set a carbon price ceiling, price containment points,

and define other details of the cap and trade program. The impacts of cap and trade will
depend on the resulting carbon price, and the carbon price will depend on how far other

complementary policies reduce greenhouse gas emissions, and the costs of alternative GHG

mitigation options, including offsets and carbon permits from other linked jurisdictions, such

as Quebec, Canada or Ontario, Canada.

T7



Pillar of GHG

Reductions
Sector & Strategy High Electrification Scenario, 2030 assumptions

Efficiency

Building electric &

naturalgas efficiency

10% reduction in totalbuilding energy demand relative

to 2015. Same level of non-fuel substitution energy

efficiency as the SB 350 Scenario in non-heating sub-

sectors. Additional efficiency is achieved through

electrification of space heating and water heating.

Transportation smart

groMh and fuel

economy

New gasoline ICE light-duty autos average 45 mpg, 12%

reduction in light-duty vehicle miles traveled relative to

2015, 5-6% reduction in shipping, harbor-craft & aviation

energy demand relative to Reference

lndustrial efficiency

20% reduction in total industrial, non-petroleum sector

energy demand relative to 2015, additional 14%

reduction in refinery output relative to 2015

Electrification

Build in g electrification
50% new sales of water heaters and HVAC are electric

heat pumps

Zero-emission

light-duty vehicles

6 million ZEVs (20o/o of total): 1.5 million BEVs, 3.6

million PHEVs, 0.8 million FCEVs, >60% of new sales

are ZEVs

Zero-emission and

alternative fueled

trucks

10o/o of trucks are hybrid & alternative fuel (4o/o are BEVs

or FCEVs), 32% electrification of buses, 20% of rail, and

27o/o of ports; 26% electric or hybrid harbor craft

Low carbon
fuels

Zero-carbon electricity

74o/o zao-carbon electricity, including large hydro and

nuclear (70% RPS), Storage Mandate + 6 GW additional

storage, 20o/o of key building end uses and 50% of LDV

EV charging is flexible

Advanced biofuels

2.8 billion gallons of gasoline-equivalent (10% of

gasoline, diesel, jet fuel and other non-electric energy

demand); 49 million Bone Dry Tons of biomass: 57% ol

population-weighted share excluding purpose-grown

crops

Non-

combustion
GHGs

Reductions in

methane and

F-gases

34% reduction in methane emissions relative to 2015,

43% reduction in F-gases relative to 2015, 19o/o

reduction in other non-combustion COz & NzO

Table 4: Key 2030 Metrics for the High Electrification Scenario
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Source: E3

Table 5: Key 2050 Metrics for the High Electrification Scenario

Pillar of GHG
Reductions

Sector & Strategy High Electrification Scenario, 2050 assumptions

Efficiency
Building electric &
natural gas efficiency

34% reduction in total (natural gas and electric) building
energy demand, relative to 2015. Savings are achieved
via conventional efficiency and building electrification.

Transportation smart
growth and fuel
economy

24o/o reduction in per capita light-duty vehicle miles
traveled relative to 2015, plus shipping, harbor-craft &
aviation energy demand 2030 measures

lndustrial efficiency
20% reduction in total industrial, non-petroleum sector
energy demand relative to 2015, 90% reduction in
refinery and oil & gas extraction energy demand

Electrification Bui lding electrification

100% new sales of water heaters and HVAC are
electric heat pumps; 91% of building energy is electric
(no building electrification is possible, but requires
higher biofuels or power-to-gas), Moderate
electrification of agriculture HVAC

Zero-emission light*
duty vehicles

35 million ZEVs (96% of total): 19 million BEVs, 11

million PHEVs, 5 million FCEVs, 100o/o ol new sales
are ZEVs

Zero-emission and
alternative fueled
trucks

47% of trucks are BEVs or FCEVs (31o/o of trucks are
hybrid & CNG); 88% electrification of buses, 75o/o of
rail, 80% of ports; 77o/o of harbor craft electric or hybrid

Low carbon
fuels Zero-carbon electricity

95o/o zero-carbon electricity (including large hydro), 84
GW of utility scale solar, 29 GW of rooftop solar, 52
GW out-of-state wind, 26 GW incrementalstorage
above storage mandate, 80% of key building end-uses
is flexible and 90% flexible EV charging; H, production

is flexible

Advanced biofuels

4.3 billion gallons of gasoline-equivalent (460/o of
gasoline, diesel, jet fuel and other non-electric energy
demand); 64 million Bone Dry Tons of biomass: 66% of
population-weighted share excluding purpose-grown
crops

Non-
combustion
GHGs

Reductions in
methane,
F-gases and other
non-combustion GHGs

42o/o reduclion in methane emissions relative to 2015
83% reduction in F-gases relative to 2015
42oh reduction in other non-combustion CO, & N2O

Source: E3
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Table 6: Alternative Mitigation Scenarios, Change in Measures Compared to the High
Electrification Scenario

Source: E3

If no additional energy or climate policies are passed between now and 2030, it seems likely

that the role of cap and trade in meeting the state's climate goals will be significant, as can be

seen by the gap between greenhouse gas emission reductions achieved in the SB 350 Scenario

and the Mitigation Scenarios. If cap and trade is the primary policy mechanism to achieve

emission reductions between 2020 and 2030, then the carbon price would likely increase

towards the prrce ceiling, and greenhouse gas reductlons would be achievetl tlrrtlugh cunsulllel'

Scenario name (reduced

reliance on key strategy)
Reduced reliance on key

mitigation strategy
lncreased, compensating reliance

on mitigation strategies

No Hydrogen No fuel cell vehicles or

hydrogen fuel

lndustrial electrification, more BEV

trucks & BEVs, renewables

Reference Smart Growth Less reduction in VMT I ndustrial electrification, more

renewables

Reduced Methane

Mitigation

Lower fugitive methane

reductions (hig her fugitive

methane leakage)

lndustrial electrification, more ZEV

trucks, renewables

Reference lndustry EE Less industrial efficiency More ZEV trucks, renewables

ln-State Biomass Less biofuels, no out-of-state

biomass used

lndustrial electrification, more ZEV

trucks, renewables

Reference Building EE Less building efficiency I ndustrial electrification, more

renewables

No Building
Electrification with
Power-to-Gas

No heat pumps or building

electrification

Climate-neutral power-to-gas

(hydrogen and synthetic methane),

industrial electrification, more ZEV

trucks, renewables

Scenario name (increased

reliance on key strategy)

lncreased reliance on key

mitigation strategy
Reduced, compensating reliance

on mitigation strategies

High Biofuels Higher biofuels, including

purpose grown crops

Less ZEVs, renewables

High Hydrogen More fuel cell trucks Less BEVs, renewables
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price responses because of higher energy prices and longer-term investments in low-carbon

technologies, including energy efficiency, zero-emission vehicles and zero-emissions fuels.

The more aggressive zero-emission technology adoption assumptions included in the Mitigation

scenarios could be achieved, in part, through higher carbon prices. Carbon prices reduce

emissions by increasing the price of fossil fuels relative to lower carbon alternatives. In this

way, cap and trade is likely to help incentivize higher adoption rates of zero-emission vehicles

and energy efficiency, for example.

Carbon pricing, however, is not a panacea for zero-carbon technology adoption, because price

signals on their own cannot overcome a variety of market failures which may stand in the way

(for example, upfront capital cost barriers and principal-agent problems). For this reason, it is
expected that additional market transformation policies will be necessary for California to

achieve its 2030 and 2050 GHG goals. While the extension of cap and trade through 2030 will

certainly help to reduce GHG emissions, it may not be sufficient on its own.

Report Organization
This report is organized as follows: Chapter 2 describes the research methods, including the

modeling tools used and key analytical improvements achieved through this research. Chapter

3 discusses the results for the main scenarios, including the Reference, SB 350 and High

Electrification scenario. Chapter 4 discusses the cost results and findings from the Alternative

Mitigation cases and additional scenario. Chapter 5 provides conclusions. Additional details

about key input assumptions and scenario results by sector are provided in the Appendices.
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CFLqPTER 2:
Methods

The California PATHWAYS Model
This analysis uses the California PATFIWAYS model, an economy-wide energy and greenhouse

gas mitigation model, to identify priority GHG mitigation challenges in California through a

series of scenario and uncertainty analyses.

The PATHWAYS model is a long-horizon, technology-specific scenario model developed by

Energy and Environmental Economics, Inc. (E3). The model has been modified and improved on

over time, including through funding from this California Energy Commission Electric Program

Investment Charge grant. PATHWAYS includes detailed technology representation of the

buildings, industry, transportation and electricity sectors (including hourly electricity supply

and demand) and explicitly models stocks and replacement of buildings, building equipment

and appliances and vehicles. Demand for energy is driven by forecasts of population, building

square footage, and other energy service needs. The rate and type of technology adoption and

energy supply resources are all user-defined scenario inputs. PATHWAYS calculates energy

demand, greenhouse gas emissions, the portfolio of technology stock in selected sectors, as

well as capital costs and fuel costs and savings for each year between 2015 and 2050.

The final energy demand projections are used to pro.ject energy supply stocks and final
delivered energy prices and emissions. Electricity rates are calculated endogenously to the

model based on the scenario's generation supply mix, hourly elecfticity demand and supply.

Likewise, delivered natural gas rates are calculated based on changes in annual demand and

fuel costs, including the calculated cost of biomethane, hydrogen or other synthetic fuels used

in the pipeline. Delivered costs of gasoline, diesel and other fuels include the blended costs of
the fossil fuel and biofuel. Fossil fuel price forecasts are exogenous inputs to the model, biofuel
prices are calculated endogenously to the model.

As a technology and energy-demand scenario model, the model does not explicitly model

macroeconomic changes to the economy, nor does it endogenously capture consumer price

responses, such as the impacts of carbon pricing or changes in energy prices. The model

evaluates greenhouse gas emissions based on the emissions accounting protocols used in the

Intergovernmental Panel on Climate Change 0PCC) Fourth Assessment Report, consistent with

the California Air Resources Board statewide emission inventory.

The model ultimately calculates a broad range of outputs, including energy demand by fuel

type and sector by year, greenhouse gas emissions by fuel type and sector, and annual changes

in incremental capital costs and fuel costs, relative to a Reference scenario (Figure 4). For more

detail about the PATHWAYS model methodology, see the Appendix B and E3, 2015.
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Population,

VMI
Commercial

square footage

End-use
energy service

demand
Stock rollover

Figure 4: Flow Diagram of California PATHWAYS Model

Source: E3

Cost Accounting Methodology and Technology Improvements Over Time

The PATHWAYS model tracks the annualized incremental cost of technologies compared to the

Reference scenario technology costs, and the changes in fuel consumption. The cost accounting

framework can be considered as a total resource cost accounting, whereby the total cost and

benefits of measures are calculated, without attributing those costs to consumers, producers or
government. Societal costs and benefits such as changes to air pollution or climate change

impacts are not considered in PATHWAYS. Federal tax incentives for renewable generation are

included, as these result in a net benefit to the state but these phase out over time consistent

with the Iegislatively determined schedule. The impact of the federal Renewable Fuel Standard

program is not reflected in the biofuel prices, since these are assumed to expire after 2022. The

effect of the Low Carbon Fuel Standard on fuel prices is also not reflected, as these are

considered transfers within the state. Given these assumptions, the cost assumptions in
PATHWAYS closely reflect the marginal cost of production absent state or federal subsidies,

The scenarios modeled here include assumptions about how the cost, efficiency and

performance of technologies change over time. For technologies with rapidly changing capital

costs, such as solar, wind, battery storage, LED lighting, and electric vehicles, both the costs and
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performance are assumed to improve over time, as economies of scale are assumed to be

achieved in manufacturing. In general, the researchers have relied on publicly available,

published projections for these cost assumptions. Other technologies do not include

assumptions about changing costs or performance over time, including many building and

industrial efficiency measures, although large-scale adoptions of these technologies could lead

to cost-declines and/or improvements in performance. In general, the cost and performance

assumptions applied in the PATHWAYS model tend to reflect conservative assumptions about

the potential for technological progress over time, to avoid overstating the potential benefits of
the Mitigation scenarios.

Uncertainty and Complexity in Scenario Analysis

To paraphrase the statistician George Box, "all models are wrong, but some are useful." This

statement is certainly true of the PATHWAYS model, as it is true of any long-term scenario

analysis spanning decades into the future. This modeling effort was not to predict or forecast

the future. Rather, these scenarios ask, "what would be necessary to meet the state's current

policy goals and future GHG mitigation goals, and what are the risks in meeting those goals?"

There are many sources of uncertainty in developing long-term scenarios including future

trajectories for technology capital costs, fuel costs, consumer behavior and preferences and the

future political and policy environment. Furthermore, key sources of complexity which cannot

be reflected in the PATHWAYS model include market dlmamics, such as the interaction between

costs and prices, interactions between policies and technological change, and interactions

between actions taken in California and the rest of the world'

In this study design, the team attempted to capture many of these sources of uncertainty and

complexity through scenario and sensitivity analysis, while acknowledging that these tools are

not a crystal ball into the future.

Though less certain than a prediction, a scenario is more grounded in fact than mere

speculation. The scenarios were evaluated to provide useful information about what GHG

mitigation areas California should prioritize today, using the best information available about

technology costs, performance and the interactions between GHG mitigation strategies.

California PATHWAYS Model Enhancements

Since the initial California deep decarbonization scenario results were published in Williams, et

al, (2012), several improvements and enhancements have been made to the PATHWAYS model.

These include:

. Updated input data resulting in a lower Reference case forecast of greenhouse gas

emissions in California. This includes a revised, lower, population demand forecast

consistent with the California Department of Finance forecast, and revised, lower,

transportation vehicle stocks and transportation vehicle miles traveled from the

California Air Resources Board Mobile Source Emissions Inventory, EMFAC 2014

database.
r Calibrating the starting year energy consumption and emissions to the updated

Califbrnia Emission tnventory-2}Lti Edition, covering GHG emissions through 2015. The
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new inventory uses global warming potential (GWP) values from the IPCC Fourth

Assessment Report, consistent with current international and national GHG inventory
practices. This inventory practice excludes all biogenic emissions associated with
biofuels.
Updated fossil price forecasts consistent with the Energy Information Agency (EIA) 2017

Annual Energy Outlook, incorporating the effect of lower expected petroleum and

natural gas prices on net economy-wide mitigation costs.

Reflecting current California state legislation, policies and goals through 2030.

Updated technology cost projections, particularly for solar, wind, batteries, and electric

vehicles, reflecting more rapid than expected cost reductions in these technologies.

Updated assumptions on sustainable biomass resource limits, biofuel process

conversion efficiencies and costs, as well as an updated biofuel module which allows for
limited optimization of least-cost liquid and gaseous biofuel pathways.

Reflecting the impacts of climate change on building energy demand and hydroelectric
generation.

Updated assumptions for electricity resources serving California, including reduced

availability of in-state wind due to environmental restrictions and the planned

retirement of the Palo Verde nuclear plant by 2047.

Technical enhancements and faster model run-time.

Integrating Climate Change lnpacts on Energy System

This research grant was coordinated with three other research projects funded by the Energy

Commission: a team from Berkeley Economic Advising and Research, LLC (BEAR); a team and

Lawrence Berkeley National Laboratories (LBNL); and a team from the University of California,

Irvine (UCD. While each team's work was funded separately, the teams worked together to share

data where possible and applicable. Analysis from this study was used as a key input into the

BEAR and LBNL studies. Analysis from the UCI study was used as input for this study, as

described below.

The UCI team (Tarroj a,20L7) provided the E3 team with data on the likely long-term impacts of
climate change on electricity building demands and on hydroelectric generation through 2050.

These data were fed into the PATHWAYS model to create scenarios that reflect the potential

impacts of climate change on the electricity system.

Tarroja used global climate simulations that have been downscaled for California and the

Fourth Climate Assessment. The team used several model simulations based on representative

concentration pathway (RCP) 4.5 and RCP 8.5 scenarios to force a building energy model and a

regional hydrology model; these scenarios represent a modest mitigation trajectory and a high

climate change impacts trajectory, respectively.

Using the hydrology model, Tarroja estimated changes in annual hydroelectric energy

availability during the same time period relative to present-day. Changes in predicted

hydroelectric energy availability were relatively small in the annual average in each member of
the climate model ensemble, masking largcr incrcascs in intcr annual variability. As PATHWAYS

cannot incorporate inter-annnal variahility in hydroelectric energy availability, the model with
the largest average decrease (11%) in hydro-electric availability was used to estimate a worst-

a

a

a

a

a
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case typical year. Hydro-electric energy availability across all seasons was scaled down linearly

from 2015 to 2050 in PATHWAYS to correspond with this 11% decrease.

Using a building energy model, Tarroja estimated changes in building heating and cooling

energy demands for each of the Energy Commission's 16 Building Climate Zones and

aggregated these into an annual percentage change relative to present-day. PATHWAYS

incorporated the changes in building energy demands predicted for 2050 using the RCP 8.5

results, using the average change for each Building Climate Zone across the simulations in the

climate model ensemble. Changes in energy demands by subsector (residential and commercial

heating and cooling) were applied as scalars to PATHWAYS simulated energy demands in the

absence of climate change, linearly interpolating between present-day (2015) and 2050. The

changes for each climate zone and subsector ranged from9%to 58% and are shown as

geographic averages in Appendix B. Changes in water heating demand were estimated by

Tarroja to be less than 0.1% in magnitude and were not included in PATHWAYS.

California RESOLVE Model for Electricity Sector Analysis
This study also used the PATHWAYS scenario results to feed into an analysis of long-term

electricity sector costs using the RESOLVE model, an electric sector least-cost capacity

expansion planning tool. RESOLVE has been used by the California Public Utilities Commission

in the Integrated Resource Planning proceeding and by the California Independent System

Operator in its SB 350 regionalization study (California ISO, 2016).

For this study, the RESOLVE model analysis timeframe was extended from 2030 to 2050, and

the geographic scope of the analysis was expanded from the California ISO footprint to a

California statewide footprint.

While the PATHWAYS model includes an integrated treatment of electricity supply and

consumption at the hourly level, the PATHWAYS model does not perform a least-cost capacity

expansion plan for the electricity sector, making it difficult to determine the optimal mix of

renewable resources and energy storage. The RESOLVE model takes the PATHWAYS electricity

loads and load shapes as an exogenous input. It was then run with an emissions constraint for

the electricity sector that was consistent with the economy-wide High Electrification Scenario.

Consequently, the study team investigated the electricity sector resource selections and costs,

consistent with a PATHWAYS scenario, while taking advantage of the least-cost optimization

capabilities in RESOLVE.

Using this framework, the study team investigated the importance of renewable integration

solutions in RESOLVE using electricity loads and load shapes that were broadly consistent with

the 2050 PATHWAYS scenarios. RESOLVE reported the impact of renewable integration

solutions on total electricity costs in 2050, including incremental and marginal mitigation costs.

The study team also evaluated the cost of different 2050 GHG constraints in the electric sector

to develop a "supply curve" in RESOLVE for the 2050 marginal carbon abatement cost of
reducing GHG emissions in the electricity sector consistent with the High Electrification

Scenario, under the optlmlstlc and less-optlmlsl.lc assurnpl.iors abuut lelewable ill"egt'atiou

solutions. (See Chaptcr 3, Figurc 15.)The marginal carbon abatement cost is the ratio of the

increase in total resource cost divided by the GHG emission savings, and expressed in dollars
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per ton, $/ton. This supply curve was compared to the incremental abatement costs for
mitigation options evaluated in other sectors in PATFIWAYS.
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CHAPTER 3:
Reference, SB 3 50 and High Electrification
Scenario Results

This chapter discusses the key results for the main long-term energy scenarios evaluated in

PATHWAYS: the Reference, SB 350 and High Electrification Scenarios. Results are shown for the

High Electrification scenario for greenhouse gas emissions, energy demand, and costs relative

to the Reference scenario.

Greenhouse Gas Emissions
Greenhouse gas emissions in California peaked around 2004 and have been in decline since

then. If California succeeds in executing on its current policy commitments, California appears

likely to meet its 2020 goal of returning GHG emissions to 1990levels, which requires keeping

emissions at or below 431 million metric tons. As of 2015, California greenhouse gas emissions

stood at 44O million metric tons of COz-equivalent (ARB, 2OI7a)'

In the Reference scenario, GHG emissions decline modestly between 2017 and about 2O27, at

which point population and economic growth begin to push emissions higher through 2050. In

the Reference scenario, GHG emissions in 2050 are slightly higher than the projected 2020

level.

The SB 350 scenario, which reflects the impact of higher levels of renewables, energy efficiency,

and mitigation of non-combustion GHGs, results in a significant decrease in emissions between

present day and 2030 but does not entirely close the gap to meet the state's 2030 GHG goal of
258.6 million metric tons of CO,e (equivalent). In the SB 350 scenario, the gap between the 2030

goal and the projected emissions is about 63 MMTCOze. The gap to meet the 2050 goal, of 86

MMTCO2e, is much larger at nearly 190 MMTCOze.

All of the Mitigation scenarios, including the High Electrification scenario, are designed to meet

the state's 2030 and 2050 greenhouse gas mitigation goals (Figure 5)'
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Figure 5: Galifornia Greenhouse Gas Emissions by Scenario
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In the High Electrification scenario, GHG emissions are reduced in all sectors by 2050. However,

the relative proportion of emissions reductions varies by sector, since the mitigation costs and

mitigation potential are not equal between sectors. By 2050, the single Iargest remaining source

of greenhouse gas emissions is from non-combustion emissions. Methane from agriculture and

waste (wastewater treatment, landfills and municipal solid waste) represent a large source of
remaining emissions; methane from waste and enteric fermentation in particular are expected

to be difficult to completely eliminate, although both are assumed to decline in absolute terms

through 2050.

In addition to non-combustion GHG emissions, the remaining 2050 emissions budget is

allocated between some remaining diesel and jet fuel use in the transportation sector (primarily

for off-road and long-haul, interstate trucking), the industrial sector, assuming that industrial

electrification will be relatively expensive compared to other mitigation alternatives, and the

electric power sector, which continues to use about 5% of generation from fossil natural gas for
resource balancing and resource sufficiency. Greenhouse gas emissions are not eliminated in

any sector by 2050 in the High Electrification scenario (Figure 6)'
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Figure 6: California Greenhouse Gas Emissions by Sector in the High Electrification Scenario
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Transportation sector energy-related GHG emissions represent the largest source of greenhouse

gas emissions in California, currently about 39% of the statewide totalz. In the High

Electrification scenario, this share declines over time to just over one-quarter of total statewide

greenhouse gas emissions. The industrial sector energy-related emissions represent the second

largest source of GHG emissions in California, with iust over 20o/o of the total. Industrial sector

emissions are expected to be among the more difficult, and more expensive to mitigate. As a

result, the total share of GHG emissions from the industrial sector increases slightly over time,

even as total emissions are dramatically reduced. By 2050, the remaining non-combustion

emissions in agriculture and recycling and waste represent a far larger share of total GHG

emissions than today, illustrating that the challenging of reducing emissions beyond 2050 will
be somewhat different than the challenges of meeting the state's 2050 GHG goal.

Energy Demand Results
Final energy demand (i.e. non-electric generation energy consumption), shows that energy

consumption falls by 50% in the High Electrification scenario, from nearly 6 exajoules (EJ) today

to less than 3 EJ in 2050 (Figure 7). These energy savings are due to improved fuel economy

standards in vehicles, efficiency associated with electrification in transportation and buildings,

reductions in per capita VMT, and improved energy efficiency in buildings and industry. The

efficiency advantages of electric drive and heat pumps over internal combustion engines and

combustion heaters, respectively, result in dramatic reductions in final energy demand.

2 ARB Inventory (https://www.arb.ca.govlcclinventory/data/data.htm) accessed on May 1B

2018.
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Figure 7: Final Energy Demand by FuelType in the High Electrification Scenario
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The High Electrification scenario shows a decline in fossil fuel demand across all fuel t)4)es,

with the greatest reductions in gasoline and natural gas, in-part due to a greater reliance on

biomethane blended into the pipeline. The High Electrification scenario biofuel assumptions are

based on a least net-cost analysis across all major fuel types (gasoline, diesel and natural gas).

Using these assumptions, the most efficient use of biomass is to produce renewable methane

(biogas), rather than liquid biofuels. This scenario does not model the impact of the Low

Carbon Fuel Standard policy which directs biofuel use towards the transportation sector. A

transportation-focused biofuel sensitivity would result in less overall biofuels used to displace

fossil natural gas and more biofuels used to displace diesel energy.

Decarbonization Strategies by Sector

Buildings
Energy efficiency in buildings is a central strategy to reducing the cost of greenhouse gas

mitigation in California. The state has already committed to doubling energy efficiency savings,

relative to an aggressive baseline of maintaining historical levels of efficiency savings through

SB 350, however, most experts agree that achieving a doubling of energy efficiency presents

many implementation challenges.

Deploying such a high level of energy efficiency will likely require substantial changes to

current efficiency deployment strategies. In addition to conventional energy efficiency, deep

decarbonization in buildings requires a combination of extensive building electrification,

featuring heat pumps for space condttlonlng and water heal"ing, or leplacittg fossil natural gas

use with carbon-neutral rencwablc gas.
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In the High Electrification scenario, higher levels of "conventional efficiency", (i.e. non-fuel

substitution energy efficiency), are achieved through higher and faster adoption rates of LED

lighting, as well as more efficient refrigeration, plug-loads, water heating, air conditioning, and

space heating compared to the CEC's 2016 IEPR additional achievable energy efficiency
potential meftic. In addition, behavioral conservation measures are assumed to partially reduce

Iighting and HVAC energy consumption, while "smart growth" measures encourage new

construction to include more high density, smaller and more efficient multi-family homes,

relative to historical trends. However, of all these measures in the High Electrification scenario,

it is fuel switching to high efficiency heat pumps in HVAC and water heating that achieves the

Iargest reductions in total building energy demand, factoring in both natural gas and electric

consumption. Greenhouse gas emissions decrease due to fuel-switching as well, due to the high

and increasing share of renewables on the grid.

To decarbonize heating demands in buildings through a transition to electric heat pumps,

without requiring early retirements of functional equipment, this transition must start by 2O2O

and achieve significant market share by 2030. In the High Electrification scenario, new heat

pump sales must represent no less than approximately 50% of new sales of HVAC and water

heating equipment by 2030 (Figure 8).

Figure 8: Percent of New Sales by Technology Type for Residential Space Heating and Water
Heating in the High Electrification Case (2015-2050)
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However, the electrification and renewable natural gas options still face large hurdles.

Widespread use of electric heat pumps would require market transformation, to make electric

heating a more attractive and cost-competitive option for households and businesses in
California. Many contractors in California do not have experience sizing and installing heat

pump equipment, and customers do not have experience using it. While heat pump adoption

has been increasing in the U.S. northeast and southeast and in Asia, heat pump technologies are

not common in California outside of some rural areas that lack access to natural gas.

Furthermore, the refrigerant F-gases used in heat pump technologies have a high global

warming potential and must be replaced with lower global warming potential gases in
accordance with the Montreal Protocol's Kigali Amendment; state legislation is already moving

in this direction. Finally, current utility energy efficiency programs and tlered electrlcity retail

rates have not been designed with carbon savings, or fucl switching from natural gas to clectric
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end-uses in mind, and will likely require modifications to enable, or not discourage, building
electrification.

Renewable natural gas does not face the same types of customer adoption and building retrofit
challenges as a building electrification strategy. However, RNG faces large technical obstacles.

Biomethane supplies within California are limited, and on their own fall short of meeting the

long-term demand for low-carbon gaseous fuel in the state's buildings and industries, without

electrification. Even if California relies on out-of-state biomethane supplies, other states or

countries are also likely to Iay claim to some of the limited supplies of sustainable biomass

feedstocks, which will drive up biofuel prices and could limit supplies.

Assuming California could access up to its population-weighted share of the U.S. supply of
sustainable waste-product biomass, excluding purpose-grown biomass crops, there appears to

be insufficient biomethane to displace the necessary amount of building and industry fossil

natural gas consumption to meet the state's long-term climate goals. Even assuming extensive

natural gas efficiency in buildings, without substantial building electrification, California would

require a significant increase in out-of-state, zero-carbon, sustainable biofuels, hydrogen fuel or

climate-neutral synthetic methane to meet its long-term climate goals. These strategies are

identified as important "reach" technologies that may be necessary in the long-term,
particularly if other GHG mitigation strategies, such as building electrification, do not

materialize at scale.

The shortfall is estimated to be at least 600 TBTU in 2050, even after assuming high natural gas

energy efficiency measures and petroleum demand reduction. This finding is based on an

assumption that California has access to its population-weighted share of the U.S. supply of
biomass waste and residual feedstocks, and that 100% of these biomass feedstocks are

converted into biomethane with the exception of cellulosic biomass feedstocks which are

assumed to be only converted to liquid biofuels. This deficiency is compounded further if only

in-state biomass supplies are available. The shortfall can be reduced by electrification, climate-

neutral synthetic methane, or by using purpose-grown biofuel crops. The No Building

Electrification scenario with power-to-gas explores the second of these options.
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Figure 9: Estimated Cost and Available Biomethane Supply to California in 2050 Compared with
Non-Electric Natural Gas Demand
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Transportation
Light duty vehicles (LDV) represent the largest source of greenhouse gas emissions in the state,

while transportation emissions as a whole, including ftucking and off-road transportation, is

the largest source of emissions by sector. Reducing greenhouse gas emissions from the

transportation sector requires a multi-pronged strategy encompassing fuel economy standards

for conventional vehicles, reductions in vehicle miles traveled through smart growth strategies,

as well as low- and zero-emissions vehicles and biofuels.

Encouraging consumers to more rapidly switch to purchasing zero-emissions vehicles (ZEVs),

with perhaps as many as 6 million ZEVs required on the road by 2030, is a major market

transformation challenge. In the light-duty vehicle fleet, the commercial advantage seems to be

tilting in favor of battery electric (BEV) and plug-in hybrid electric vehicles (PHEVs), compared

to hydrogen fuel-cell vehicles. As a result, by 2030, 6O% of new LDV sales are assumed to be

BEVs and PHEVs, while just over 10% of new sales of light-duty vehicles are assumed to be

hydrogen fuel cell vehicles. This reflects the possibility that the longer ranges and shorter

fueling times for fuel cell vehicles could be convincing to a portion of the market (

L.41.00.4o.20.0
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Figure 10). It is possible to meet the state's climate goals with a wide range of zero-emission

vehicle types; the important part is achieving high volumes of ZEV sales before 2030.
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Figure 10: Percent of New Sales of Light Duty Vehicles by Technology Type in the High
Electrification Scenario
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For light-duty ZEVs, the cost of fueling an electric vehicle is far lower than the cost of fueling a

conventional vehicle. The challenge is primarily in bringing down the capital cost of the electric

vehicles, ensuring that customers have a wide range of electric and plug-in hybrid vehicles to

choose from, and that they have confidence in the range and performance of those vehicles.

This analysis assumes that the capital cost of Iight duty electric vehicles will reach parity with

internal combustion engine vehicles by approximately 2030. This means that before 2030,

vehicle incentives may continue to be necessary to bridge the cost gap with conventional

vehicles. Coordination among electric utilities and local governments to facilitate widespread

deployment of vehicle charging stations is also critical.

In the medium- and heavy-duty trucking sectors, the zero-emission and alternative fueled

options are more diverse than in the light duty fleet. Solutions include conventional diesel

vehicles running on renewable diesel, compressed natural gas (CNG) trucks running on fossil

natural gas or compressed biomethane, hydrogen fuel cell trucks, battery electric, and hybrid

diesel-electric trucks. In the High Electrification case, a diverse, Iow-emissions trucking fleet is

envisioned encompassing all of these options, because of their diverse nature (Figure 11).

Figure 11: Percent of New Sales of Medium- and Heavy-Duty Vehicles by Technology Type in the
H igh Electrification Scenario
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In this analysis, the hydrogen fuel cell trucks appear to be the most expensive to purchase and

operate from among these options but they may be a competitive GHG mitigation option for a

limited number of long-haul, heavy duty applications. In general, costs for short-haul zero-

emission trucks are driven more by the total engine power requirements, while costs for long-

haul trucks are driven more by the total fuel storage requirements (Boer, 2013). Batteries tend

to be cheaper than fuel cells per unit of power but may be more expensive than hydrogen

storage per unit of energy. The mitigation scenarios here assume that battery trucks can

displace no more than 50% of truck vehicle miles (those used for shorter-haul distances), while

fuel-cell trucks are assumed to serve longer-haul heavy duty ftucking. As a result, hydrogen

fuel cell heavy-duty trucks are a key "reach technology" in this scenario.

In other transportation sectors, (including buses, boats, aviation, ocean-going vessels, rail,

construction, and other recreational and industrial vehicles), GHG reductions are also required,

although the solutions, like in trucking, may be highly tailored to each application.

Electrification of buses, port equipment, and transportation vehicles at airports, for example,

represent a relatively easy GHG mitigation option, while reducing GHG emissions from aviation

and shipping may be more expensive.

In the High Electrification scenario, diesel and jet fuel use in off-road transportation (including

aviation, rail and shipping) represents 28% of total remaining GHG emissions in 2050, which is

the largest remaining source of fossil fuel use by 2050. While decarbonization options could be

developed for these sectors, including hydrogen-fueled, all-electric, ot biofuel technologies,

these scenarios do not necessitate implementing these solutions to achieve the 2050 GHG goal.

frdustry and Agriculture
California's current industrial and agriculture GHG emissions from energy use are similar in
magnitude to those of the state's electricity sector. The refining sector, oil and gas extraction,

and manufacturing, (notably cement, chemicals and food processing), represent the largest

sources of emissions in this category.

Reducing GHG emissions from these sectors will likely require significant increases in energy

efficiency, as well as, potentially, the use of biomethane to displace fossil natural gas. Carbon

pricing, through the cap and trade program, may help to achieve higher Ievels of energy

efficiency in industry, and could encourage the use of sustainable biofuels, although more

direct, industry-specific programs may also be required.

Industrial electrification is another GHG mitigation option, which is likely to be technically

feasible for nearly all end uses, but at potentially high cost. The high cost of many industrial
processes is due to the relative inefficiency of using a high-quality final energy carrier such as

electricity as a substitute for simple combustion to make heat. While heat pumps can offer
efficiency advantages for room temperature heating applications in buildings, they do not offer
the same advantage for high temperature industrial processes. Consequently, the High

Electrification scenario does not include any industrial electrification. Nevertheless, industrial
electrification is a key "reach technology" in this study, as it serves as a backstop mitigation
option in many of the alternative mitigation scenarios when cheaper options are not available.
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The costs of high levels of industrial energy efficiency and electrification are not well

understood and this represents an area where additional research could be helpful.

Another key uncertainty in the industrial sector is what will happen to the state's large

refineries, and to domestic oil and gas exuaction, over time, as in-state demand for refined

petroleum products fall This analysis assumes that, in addition to energy efficiency savings of

2O I"o 30%by 2030, the refining sector reduces its total production by an additional I4%by

2030.

The combined effect of energy efficiency and reduced production modeled in the refining

sector result in similar levels of energy reductions as seen in the total, in-state demand for
gasoline and diesel, which falls by 44%in 2030, relative to 2015, in the High Electrification

Scenario (Figure 12). It is not known how California's refining sector will respond to a long-

term, structural shift towards lower demand for gasoline and diesel in California from vehicle

electrification. The sector could shift towards becoming a net-exporter of petroleum products,

or it could reduce in-state production, as modeled. However, if greenhouse gas emissions from

the refining sector do not decline significantly, it will make meeting the state's long-term

climate goal very challenging. In the High Electrification Scenario, refining sector GHG

emissions fall 90% by 2050 relative to today, in line with the energy-related GHG emissions

reductions seen in other sectors.

Figure 12: Refining Sector Energy Consumption and Petroleum Product Consumption in the High
Electrification Scenario
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Electricity
California is well on its way to reducing greenhouse gas emissions from electricity. By 2025, the

state will have eliminated the small amounts of remaining in-state and imported coal-fired

generation. Currently, the state's electricity generation mix is approximately 25% renewable,

10% nuclear and,lO% hydroelectric, or about 45% zero-carbon. (Diablo Canyon, California's only

remaining in-state nuclear generation facility will retire in2024/25, leaving only a small portion

of imported nuclear power from Palo Verde through 2045, when that facility is likely to retire.
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No new nuclear power is evaluated in this scenario.) This analysis suggests that a 70% - 85%

zero-carbon electricity mix could be necessary to meet the state's 2030 climate goals. The range

of zero-carbon electricity needed for 2030 reflects the potential for slower progress in other

mitigation strategies than assumed in the High Electrification scenario. In this study, zero-

carbon electricity serves as the major backstop strategy in 2030, as technical obstacles to about

80% zero-carbon electricity appear to be more surmountable than the challenges associated

with scaling up GHG mitigation further in other sectors, and, unlike other sectors, consumer

adoption challenges are less of a concern for renewable energy deployment'

Energy efficiency savings could largely offset the increase of new electrification loads in the

2030 timeframe, but by 2050, electrification loads are expected to increase California's

electricity demand by approximately 60% (Figure 13). This means that the electricity sector will

be providing the majority of the energy in the state, displacing fossil fuel use as the state's

largest source of energy today.

Figure 13: Electricity Demand by Sector in the High Electrification Scenario
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Renewable electricity generation is the largest single measure for reducing GHG emissions in

2050. This modeling suggests that approximately 95% zero-carbon generation and 5% gas

generation is needed by 2050 (Figure 14). This generation mix (including both in-state solar and

out-of-state wind to enhance resource diversity), plus aggressive deployment of flexible loads,

and energy storage appears to be a lower-cost means to reduce GHG emissions than other, non-

electricity sector GHG mitigation options. Achieving a 100% zero-carbon generation mix,

however, appears to be cost-prohibitive without reliance on nuclear, carbon capture and

sequestration (CCS), lower-cost, more abundant biofuels, or new forms of low-cost, Iong-

duration energy storage (Figure 15).

To achieve a I0O% zero-carbon electricity system, affordable, zero-carbon and long-duration

dispatr:hable resources would be necessary to maintain rcsourcc sufficicncy and rcliability
during sequential days of low renewable energy availability. T,ow carhon electricity is critical for
achieving economy-wide decarbonization in concert with electrification of end-uses in other
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sectors; it is important that low-carbon electricity is accompanied by affordable electric rates,

so as not to discourage electrification.

Figure 14: Electricity Generation by FuelType in the High Electrification Scenario
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Figure 15: 2050 Marginal Electricity Sector GHG Abatement Cost
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wind deliversd to California from the otherWestern states, and flexible loads in buildings, hydrogen production, and

electric vehicle charging (gold line).

Source: E3

The annual cost savings in 2050, afforded by the diverse set of renewable integration solutions

in the High Electrification scenario is modeled to be large. Relying only on in-state solar

resources and renewable integration solutions, without the diversity provided by out-of-state

wind, adds about $19 billion per year in costs by 2050 to achieve the same level of
decarbonization (Figure 16). Moreover, if flexible loads in buildings, flexible electric vehicle

charging, and flexible hydrogen electrolysis are also not available and other sectoral strategies

are unchanged, the annual cost premium would reach $36 billion per year by 2050. This large

cost premium results from the expense of pairing solar generation with batteries so that

electricity can continue to serve demand at night, as well as overbuilding the solar generation

so that it can meet demands during cloudy and wintertime periods. Beyond the cost ptemium,

land use impacts could be significant: the land area required for new utility-scale solar in the

"In-state + Low Fledbility" scenario could exceed 1,700 square miles (about 1% of state land

area), versus only about 600 square miles in the High Electrification scenario.3

Figure 16: 2050 Capacity Additions and Cost lmpacts of Electricity Sector Sensitivity Analysis
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This analysis underlines the critical importance of renewable integration strategies, including

diverse renewable generation sources, to affordably meeting the state's climate goals. It also

raises many questions for additional research. These include how best to design electricity

markets to incentivize diverse renewable resources, flexible loads, and optimally dispatched

storage. Another question is how to compensate thermal generators whose value may

3 This assumes 8 acres per MW of installed solar including balance-of-system area (Ong et al., 2013).

4T



increasingly be in providing capacity and resource sufficiency during periods of low-renewable

generation, rather than in providing regular energy services.
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Biofuels
In addition to zero-carbon electricity (renewables, nuclear or carbon capture and storage),

biofuels represent the only other potential source of zero-emissions primary energy. This

analysis attempts to apply a conservative Iens to estimate available biofuel supplies and costs.

Biofuel supply curves are developed based on estimates of the in-state supply of biomass

potential, as well as California's population weighted share of the U.S. supply of biomass.

Biomass resources in California and the United States

Biomass resources are relatively limited in California. Estimates of in-state resources for
biomass vary from 20-40 million bone dry tons (Table 7). California currently imports

approximately 87% of its liquid biofuels from out-of-state to meet low-carbon fuel standard

regulations (ARB, 2016). In this analysis, the DOE Billion Ton Update (2011) is used to estimate

the U.S. supply of sustainable biomass resources, supplemented by Jaffe et al. (2016) for
estimates of in-state manure, landfill gas, and municipal solid waste, yielding about 30 million
bone dry tons of available in-state biomass in the scenarios. Full biomass module details are in
Appendix C.

Table 7: Summary of Estimated Biomass Resources in California

Resources are approximately mapped to PATHWAYS fuel conversion categories, Million Bone Dry Tons.

Source: E3

The Billion Ton Update (Perlack, 2011) estimated that about 1.3 billion tons of biomass

feedstock could be available nationally by 2030 for biofuel production, including wastes and

residues as well as purpose-grown crops and plantation forestry. About 0.5 billion tons of the

supply is associated with new cultivation of purpose-grown miscanthus, pine, eucalyptus, and

other grass and tree crops.

4 hi this table, oue ton of landfill gas is counted as one bonc dry ton. Dscrvhcrc in thc documcnt, a lvcighting factor of 6
is applied to landfill gas to account for the greater energy content of landfill gas as compared with crude biomass.

Source (Million bone dry
tons)

Cellulose Wood Lipid

Manure

and
Landfill

Gasa

Misc. Total

Billion Ton Update

(Perlack et al. , 20 1 1 )
3.0 14.6 0.3 1.8 0.0 19.7

Horvath et al. (2016) 6.4 18.5 0.0 5.0 0.0 29.9

California Councilon

Science and Technology
(2013)

6.6 16.7 5.5 0.0 11.8 40.6

California Biomass

Collaborative (Williams,

R.B. et al., 2015)

2.1 16.3 0.0 13.3 3.6 35.4
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Modeled Biomass Use

This analysis estimates a sustainable long-term supply and cost of biomass available to

California. As discussed previously, the High Electrification scenario excludes purpose-grown

crops and plantation forestry from the biomass resource supply curves due to sustainability

concerns. The supply is further restricted to total no more than the cost-effective biofuel
supply, given California's population-weighted share of the U.S. biomass supply, including in-

state use. Imports from outside of the U.S. are excluded from the analysis. This results in 64

million bone dry tons used in the High Electrification scenario, about half from in-state and half

from out-of-state (Figure l7).

The In-State Biomass scenario uses only 30 million bone dry tons (Figure 17), representing

nearly all the assumed in-state supply. In contrast, the High Biofuels Scenario assumes that
purpose-grown crops are included in the U.S. supply, and that California's population-weighted

share increases proportionally. The extra biofuels displace more expensive mitigation measures

such as hydrogen fuel-cell trucks, but this scenario is deemed to be more-risky than the High

Electrification scenario, because of the uncertainty around the long-term supply of sustainable,

purpose-grown biomass feedstocks. In the High Biofuels Scenario 109 million bone dry tons of
biomass are used (Figure 17).

Figure 17: Assumed Biomass Use in California in 2050 in Three Mitigation Scenarios
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The High Electrification scenario assumes a large transformation in the biomass supply chain

relative to today. Most of today's biofuel consists of ethanol derived from out-of-state corn

from a conventional fermentation process that uses only the starch and simple sugars (Figure

18), but by 2050 the corn ethanol is assumed to be replaced with advanced biofuels dominated

by out-of-state wood and cellulose associated with agriculture and forestry residues. These

residues are converted to biofuels using hydrolysis, pyrolysis, and gasification. In-state

utilization includes a significant amount of landfill gas, based on the Jaffe et al. (2016) analysis.

Although manure could represent an important biomethane precursor, neither in-state, nor out-

of-state, manure is found to be cost-effective in the High Electrification scenatio, using a total

resource cost perspective. The Low Carbon Fuel Standard (LCFS) incentivizes the production of

biomethane from manure because of the co-benefits of avoided methane emissions. In-state

economic transfers between producers and consumers, such as those that are created by LCFS

credits, are not modeled here, but could shift the feedstock supply of biomethane in California

relative to the estimates of the High Electrification scenario, albeit at a higher cost. Overall, the

model may be underestimating the cost of achieving manure methane reductions in the non-

combustion sector, which assumes that manure methane is used to produce biofuels.

Figure 18: Assumed Feedstock Use in California in the High Electrification Scenario
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Comparing Biomass LIse to Previous Studies

Several previous studies of deep decarbonization in California and in other regions have

included biofuels as a source of net-zero carbon fuel. Eight of these analyses (Figure 19) are
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reviewed including studies focused on Washington, the U.S., California, and the United

Kingdom. The previous PATHWAYS cases (E3, 2015) assumed a level of biomass availability

more comparable to the "High Biofuels" scenarios in the current analysis. Likewise, all of the

other deep decarbonization studies reviewed here, which evaluated economy-wide greenhouse

gas reductions of 8o%by 2050, included a higher per capita biomass use than this study's High

Electrification scenario.

This literature review indicates the current High Electrification scenario is more conservative

regarding the role of biofuels in a low-carbon economy than previous deep decarbonization

literature. Exploring biofuel-constrained scenarios is an important contribution to the literature
given ongoing research into biofuel sustainability: even those produced from waste and residue

biomass could possibly have negative impacts on forest ecosystems or lead to net emissions of
CO, from terresffial stocks of carbon (US EPA, 2014). Moreover, recent progress in the

commercialization of advanced biofuels has been slower than anticipated, especially in
comparison with rapid technological progress in the commercialization of renewables and

eleclic vehicles. Consequently, reduced dependence on biofuels in the High Electrification

scenario is intended to reduce environmental risk, as well as cost dsk.

Figure 19: Estimated Biomass Primary Energy Use in 2050
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Biofuel Costs in 2050

Within each scenario, the biofuels module is used to select an array of feedstock and fuel

combinations that approximately maximizes the cost-effective COz abatement, within the

context of the marginal abatement costs in other sectors. The PATHWAYS model attempts to

capture the interactions between mitigation options: for instance, renewable ethanol as a

gasoline substitute is a relatively cheap biofuel that is not heavily utilized in most mitigation

scenarios because light-duty vehicles are assumed to be nearly all cost-effectively electrified by

2050. The impact of the federal Renewable Fuel Standard program is not reflected in the biofuel

prices, since these are assumed to expire after 2022. Consistent with the cost methodology

applied within the PATHWAYS model, the effect of the Low Carbon Fuel Standard on fuel prices

is also not reflected, as these are considered lansfers within the state.

In all the scenarios, biofuels are estimated to carry a significant price premium over fossil fuels.

The team assumed there is a single market-clearing price for each biofuel type corresponding to

the all-in cost associated with the marginal feedstock increment, relatively large COz abatement

costs can result as inexpensive resources are exhausted. The total economy-wide net cost of

biofuels over their fossil fuel counterparts is estimated to be $17B in 2050 in the High

Elecftification Scenario. This net cost in 2050 is highly uncertain and is based on a conservative

assumption excluding innovation in advanced biofuel conversion pathways.

In the High Biofuels Scenario, which includes the use of purpose-grown crops to produce

biofuels (Figure 20), the same complement of mitigation options is assumed to be available as

in the High Electrification Scenario. This means that the additional biofuels afforded by access

to imported purpose-grown crops can be used to Iower overall scenario costs. The additional

biofuel displaces some vehicle electrification and hydrogen vehicles as well as displacing some

of the marginal renewable generation and battery storage.
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Figure 20:2050 Biofuel Supply Gurues

Effect of including purpose-grown crops in US supply
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The cost of biofuels (as shown in Figure 20) is only part of the equation in designing a low-cost

scenario, which is a function of the carbon abatement cost. The carbon abatement cost of
biofuels depends on three factors: 1) the cost and conversion efficiency of producing the

biofuel, 2) the GHG savings of the biofuel relative to the displaced conventional fuel, and 3) the
price of the displaced conventional fuel. In the convetsion assumptions applied here, key

biomass feedstocks such as woody forest residues can be much more efficiently converted to
biomethane than to renewable diesel (Appendix C).s However, other analysis suggests that

liquid biofuels have a lower carbon abatement cost than biomethane.

In the High Electrification Case, biomethane is used to decarbonize a portion of the natural gas

use in buildings and indusuy, along with providing renewable CNG for a portion of CNG

trucks.6 The mix of biofuel types produced is very sensitive to model input assumptions, and

the relative costs and yields of competing biofuel pathways in the future are uncertain. This

s The assumptions about the available supply of methane derived from California-based waste and dairy resources are

from Jaffe et aI. (2016). These feedstocks are assumed to be transported to a California gas injection point using a

variety of transportation modes, such as feeder pipeline and truck, depending on the location of the feedstock. The
assumptions about the available supply of aII other biomass feedstocks, including both in-state and out-of-state
supplies of cellulose and woody waste, are from the Billion Tons Study update, U.S. Department of Energy (2011). These
feedstocks are assumed to be transported to California via truck for processing before injection into the gas pipeline.

o The 2012IEPR (California Energy Commission, February 2018) calls for further study by the CPUC regarding the
technical specifications that biomethane must achieve before it can bc injcctcd into thc natural gas pipclinc in
California. In this model, CNG trucks are assumed to use compressed natural gas from the pipeline. Pipeline
biomethil.ne costs antl gleelhouse gas savings can be attributed to diffelent sectors based on policy assumptions; this
sectoral allocation does not affect the total economy-wide scenario cost in PATHWAYS.
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uncertainty may not be reduced until more progress is made in expanding advanced biofuel
supply chains. This uncertainty underscores the necessity to encourage the most cost-effective

use of this valuable but limited net-zero-carbon resource.

Overall, this analysis finds that without additional innovation in advanced biofuel conversion
pathways, biofuels are expected to be a relatively expensive way to reduce GHG emissions but
can nevertheless help to reduce the cost of meeting the state's climate goals relative to other
options. If California were restricted to using only in-state supplies of biofuels, which is
approximately the same quantity of biofuels used today (although today's mix is more heavily
weighted towards corn-based ethanol) the 2030 total cost of GHG mitigation could increase by
about $4 billion/year relative to the High Electrification scenario.

Even though the High Electrification scenario is less reliant on biofuels than previous analyses,

it still requires a large expansion in the supply of advanced biofuels to California, from using

under 0.1 exajoules (FJ) in 2015, excluding conventional ethanol and biodiesel, to 0.340 EJ by
2030 and 0.56 EJ by 2050 (4.3 billion gallons of gasoline-equivalent).

To some extent, hydrogen can serve as a substitute for biofuels as a mitigation option: in the In-

State Biomass scenario, only 0.23 EJ of advanced biofuels are used in 2030 and 2050, but
hydrogen fuel utilization reaches 0.2 EJ, as compared with only 0.11 EJ in the High
Electrification scenario. If hydrogen fuel and vehicle costs are lower than expected, that could
further reduce the need for the state to rely on advanced biofuels.

Non-Combustion F,mi ssions

Non-combustion greenhouse gas emissions include fluorinated gases (F-gases) used as

refrigerants, methane emissions from a variety of sources (including manure, waste water

treatment facilities, Iandfills, enteric fermentation in livestock, and methane leakage from
natural gas extraction, storage and pipelines), as well as carbon dioxide emissions from the

chemical conversion process for making cement and nitrogen oxide emissions from fertilizer
applications. This suite of non-combustion greenhouse gas emissions represented 16% of the

state's total GHG emissions in 2015 and will increase significantly without mitigation efforts. Of
the non-combustion emissions, methane and many F-gases are considered to be short-lived
climate pollutants (SLCPs)with a disproportionate potential to add to near-term climate change,

and these SLCPs are targeted for a 40% reduction by 2030 as part of the ARB's SLCP Strategy
(ARB, 2017b). Reducing non-combustion greenhouse gas emissions is critical to meeting the

state's climate goals, and a diverse range of strategies are needed to reduce these emissions.

In the High Electrification scenario, an aggregate 33% reduction in non-combustion emissions is

achieved by 2030 relative to 2015, with a 37% reduction in SLCPs. The reduction increases to
52%in aggregate by 2050 relative to 2015, with a 54% reduction in SLCPs. Non-combustion
emissions are assumed to decline by a lower proportion than the economy-wide 80% relative to
1990 by 2050, requiring greater than B0% reductions in energy emissions by 2050 in all
mitigation scenarios (Figure 21). Strategies and challenges for major emission sectors are

further detailed below.

49



Figure 2l: Non-combustion Emissions in 2030 and 2050 in the Reference and High Electrification
Scenario
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F-gases

F-gases consist primarily of hydrofluorocarbons (HFCs) that were introduced to replace ozone-

depleting chlorofluorocarbons (CFCs) that were used as refrigerants and propellants

subsequent to the Montreal Protocol phasing out CFCs.z Thus, their emissions rose considerably

between 1990 and 2015. Reducing the emissions of these very high global warming potential

gases can be achieved by replacing current refrigerant gases with alternatives that are less

harmful to the climate, such as compressed COz. The U.S. committed to reducing F-gases under

the Kigali Amendment to the Montreal Protocol in 2016. Whether the U.S. will follow through on

these commitments remains to be seen. Nevertheless, the Air Resources Board's economic

analysis for the state's SLCP Strategy found that these emissions can be avoided at relatively

low cost.

Methane from Livestock and Waste

Biogenic methane emissions from the decomposition of animal waste, food waste, and

wastewater represent a challenging source of GHG emissions, but if they are diverted for

anaerobic digestion or if their emitted methane is captured, they represent a potential source of

biomethane. Some of California's renewable electricity generation includes direct combustion of

these resources today.

The ARB SLCP Sftategy explores options for reducing these emissions while at the same time

producing biofuel in extensive detail. However, the large number of diffuse emission sources

remains a challenge. Manure that is not already centrally processed could be expensive to

collect, and enteric fermentation from cows cannot be readily captured.

z A small proportion of F-gas emissions, such as SFe used in transformers, represent long-lived

gases that are not explicitly addressed by the ARB SLCP Strategy.
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Fugitive Methane Emissions

Fossil methane and other gases are lost as fugitive and process emissions associated with fossil

fuel extraction, processing, and transport. There is some uncertainty in estimating the scale of

these emissions, particularly for natural gas extraction and from pipelines. Some research

(Wunch et al., 2016) suggests that methane leakage from the pipeline gas system could be

several-fold higher than official state greenhouse gas inventory estimates. The team used the

high-end range of potential fugitive methane emission leaks in the state, estimating the cost of

meeting the state's GHG emissions goals if methane leaks were 10 million tons higher than

assumed in the Reference case. This results in an increase in the cost of meeting the state's

2030 climate goals of approximately $4 billion/year in 2030.

Other Industrial and Agricultural Sources

Remaining non-combustion GHG emissions include CO, released during the production of

cement, nitrous oxide resulting from the application of fertilizer, and methane produced in

flooded fields associated with rice agriculture. Some options exist for mitigating these

emissions and are included in the High Electrification scenario, such as substituting fly ash for

Portland cement used in making concrete, and increased efficiency in fertilizer application.

However, the mitigation potential in these categories is expected to be relatively limited

compared to other GHG emission sectors.

Discussion

Reducing methane emissions and other non-combustion emissions requires bringing down the

cost and increasing the adoption rates of known strategies, such as covering landfills and

manure lagoons and fixing pipeline leaks, as well as R&D and innovation to reduce emissions

from enteric fermentation in cows and to reduce emissions from cement production.

Because of the high warming potential per molecule of methane and F-gases, some mitigation

options in these sectors can be cheap relative to reductions in COz combustion emissions, when

compared in $/ton CO,-equivalent. The average mitigation cost assumed in this study is near

zero, based on assumptions from the Short-Lived Climate Pollutant Reduction Strategy (CARB,

2OI7). Costs of biogenic methane mitigation are assumed to be associated with biofuel

production that is yielded as a co-benefit of mitigation.

Some sources of non-combustion emissions are likely very expensive to mitigate, such as

enteric fermentation in cows. Consequently, all mitigation scenarios assume that nearly 90%

reductions in combustion emissions by 2050 are needed to achieve California's long-term

climate goals, since it is not realistic to assume that B0% reductions in non-combustion

emissions will be achieved by 2050.

Climate Change Impacts on the Energy System
The climate impacts adapted for PATHWAYS from Tarroja (2OI7) were incorporated in

PATHWAYS for the Reference, SB 350, and Mitigation scenarios. They were compared for the

Reference and IIigh Elcctrification Scenario with comparison scenarios that excluded these

impacts. In the High Electrification Scenario, resulting differences in emissions and costs were
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very small in magnitude compared with the changes associated with climate mitigation: less

than $ 18 differences in costs and 1 MMT COze annually by 2050.

The relatively small direct impacts of climate change on the electricity system modeled in
PATFIWAYS are partly the result of interactions with climate mitigation: moving to a very low-

carbon electricity system reduces its vulnerability to the impacts considered here. Higher total
loads due to electrification and the dominance of generation by solar, wind, and new energy

storage mean that the changes in hydroelectric availability and the shifts in building loads have

a proportionally smaller impact. In particular, the increase in heating Ioads due to

electrification is much larger than the increase in air conditioning loads due to climate change

(Figure 22). Also, while climate change will increase air conditioning demand more than it
decreases heating demand, causing a small net increase in load, the AC demand shape

coincides well with solar generation, the state's most abundant renewable energy source. Space

heating demands, in contrast, peak at night and in the winter when solar availability is lowest,

requiring extensive use of out-of-state wind and/or storage to fully integrate these demands.

Climate change will also reduce the thermal efficiency of conventional thermal power plants

due to hotter temperatures. Other research suggests that power plant peak efficiency could

decline by l-5% by mid-century in a conventional electricity grid (Bartos and Chester, 2015, and

Jaglom, 2014). However, this is inconsequential in the low-carbon electricity system considered

in the mitigation scenarios. Total gas generation is very small (less than 5% of annual

generation in the High Electrification Scenario) and is largely used as a backup resource when

solar and wind availability are low: with California's abundant solar resources, this tends to

occur at night and in the winter, mitigating some of these effects of hotter temperatures on

thermal efficiency.

This analysis is limited to average, direct effects of climate change on the electricity system due

to climate change by mid-century. The effects of extreme events that damage infrastructure, as

well as the impacts of other changes in the California economy resulting from climate

adaptation or unavoidable damages, could be much larger in magnitude. Moreover, unabated

climate change would have much more severe effects later in the 21" century than by mid-

century.
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Figure 22: Changes in Building Electricity Demand Due to GHG Mitigation and Climate Change
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CFIAPTER 4: Cost and Risk Analysis

Economy-wide High Electrification Scenario Costs
This analysis estimates the upfront, annualized capital investments and expected fuel costs and

savings associated with the High Electrification Scenario.

In the High Electrification Scenario, which meets California's climate goals in 2030 using a

reasonably likely, and relatively low-cost combination of strategies, the estimates range from

savings of $2 billion per year to net costs of $17 billion per year in 2030, depending on the fuel

price and financing assumptions. The base cost assumptions yield a net cost estimate of $9

billion per year in 2030, in today's dollars (Figure 23). This net cost is equivalent to less than a

half a percent of California gross state product in 2030. Furthermore, the uncertainty range

around fossil fuel prices and financing costs results in a future net cost range that spans zero.

Figure 23: Total 2030 Net Cost of the Hlgh Electrification Scenario Relative to Reference Scenario,
Excluding Glimate Benefits (2016$, Billions)
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The net present value of the costs of GHG mitigation is compared to the societal benefits

associated with reducing greenhouse gas emissions. Using two different estimates of the future

benefits of avoided GHG emissions, the climate benefits of avoided emissions are found to

Iikely be equal to, or much larger than the costs associated with reducing emissions (Figure

241.a

s This assumes a 3% discount rate and uses the 2Ulb U.S. government social cost of carbon, whlch escalates as a

function of emissions year. "Base climate benefits" is based on average social cost of carbon, -corresponding to
SSSTiCO, in 2030 and bZ9ltCO, in 2050. "High climate benefits" is based on the 95'h percentile in ensemble of modeled
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Figure 24:2030 and 2050 Annual Net Present Value of the High Electrification Case, lncluding
Climate Benefits (2016$, Billions)
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Climate benefits are calculated assuming 3% discount rate and using the 2016 U.S. government social cost of carbon.

,,Base climate benefits" is based on average social cost of carbon, "High climate benefits" is based on the 956 percentile

in ensemble of modeled climate benefits. Uncertainty ranges a.e based on PATHWAYS high/low fossil fuel price and

fi nanci ng cost sensitivities,

Source: E3

Furthermore, the benefits of reducing emissions include not only direct reductions in GHG

emissions, but also indirect benefits, including: health benefits from reductions in criteria
pollutants (e.g., Zapata et al., 2018), state leadership on a critical global issue, and technology

innovation and support for new domestic industries. These indirect benefits are not quantified

in this study but have been evaluated in other research (See for example California's 2017

Climate Change Scoping Plan for a summary of these topics).

Incremental Carbon Abatement Costs in the High
Electrification Scenario
One way to visualize the relative costs and GHG savings of the measures included in a scenario

is with a "carbon abatement cost curve". In this type of figure, the lifecycle costs, net of fuel

savings, of a given GHG mitigation measure are compared to the counter-factual lifecycle costs

in the Reference case. This cost (or savings) result is then divided by the GHG savings of the

measure, compared to a Reference case, to create the cost per ton of GHG savings.r

climate benefits, corresponding to $175ltCO, in 2030 and $244ltCO' in 2050. Uncertainty ranges are based on
PATHWAYS high/ow fossil fuel price and financing cost sensitivities.

e While this metric is a useful way to compare the costs and savings of measures within a given analysis, due to the

many drfferences in approach that can be used to calculate Lhls rttel"ric, it is difficult tu corupare calbon abatement
costi across different analyses without a full understanding of all of the assumptions used to develop the cost metric.
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The approximate cost per ton of GHG mitigation is estimated for a suite of measures in the

High Electrification scenario, based on a total resource cost metric, net of fuel savings, relative

to the Reference scenario. This means that the cost estimates exclude incentives, and reflect

estimates of total costs, rather than participant costs or utility costs. For each measure, the

High Electrification scenario assumption is reverted back to the Reference scenario assumption.

This produces an estimate of the incremental cost and greenhouse gas savings of each measure

in the High Electrification scenario, summarized for 2030 and 2050 in Figure 25 and Figure 26.

Figure 25.2030 tncremental Carbon Abatement Cost Curve (Total Resource Gost per Ton of GHG
Reduction Measures, Net of Fuet Savings), in the High Electrification Scenario
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Source: E3
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the lowest cost sources of carbon abatement in the 2030 timeframe. In the High Electrification

scenario, mitigation of methane, F-gasses and other non-combustion emissions save nearly as

much GHGs as fully-balanced and delivered renewable electricity, at a lower cost per ton. The

most expensive mitigation measures on a cost per ton basis in this scenario come from
additional GHG mitigation from the industrial sector, advanced biofuels and zero-emission

trucks.

The 2050 incremental carbon abatement cost curve for the High Electrification Scenario is

shown in Figure 26 below. In addition to the cost per ton of the measures included in the High

Electrification Scenario, Figure 26 also includes an estimate of the cost per ton of additional

mitigation measures that are not included in the High Electrification scenario, but which are

tested in the Alternative Mitigation scenarios. These measures (shown in grey) may be necessary

to meet the state's 2050 GHG goal if the full mitigation potential of other GHG reduction
measures assumed in the High Electrification scenario is not realized.

Figure 26: 2050 lncremental Carbon Abatement Gost Curve (Total Resource Gost per Ton of GHG
Reduction Measures, Net of Fuel Savings), in the High Electrification Scenario
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Source: E3
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The incremental total resource cost estimates are even more uncertain in 2050 than in 2030,

and are intended to qualitatively illustrate three different cost regimes for long-term mitigation

strategies. The left-most tranche includes building energy efficiency and smart growth, which is

expected to be a large source of near-term GHG abatement and a long-term source of cost

savings, but which will deliver a relatively small amount of incremental GHG abatement by 2050

as fuels become decarbonized. The middle tranche includes most of the remaining strategies

used in the High Electrification scenario: electrification, renewable electricity, and non-

combustion emission reductions. Zero-emission vehicles and heat pumps are expected to be

relatively inexpensive by 2050 because of declining capital costs (for vehicles) and increasing

fuel savings (for both technologies). Renewable electricity makes up the largest single source of

GHG savings. The renewables bar shown above averages costs over an embedded renewable

supply curve that becomes steep as more and more renewable integration is needed. The third,

right-most tranche, including advanced biofuels as well as additional strategies unused in the

High Electrification scenario, consist of options for decarbonizing difficult-to-electrify end uses.

These cost estimates mask a great deal of uncertainty in future cost estimates and will likely

change as better information becomes available. Heat pump and zero-emission vehicle

incremental costs are highly sensitive to assumptions about equipment capital costs, financing

costs, and the costs of displaced fossil fuels. Methane mitigation costs are relatively low

because some of the costs of avoiding biogenic methane emissions are attributed to biofuel

costs here. Electricity and storage capital costs have been declining rapidly while future cost

declines remain uncertain. Costs of zero-emission trucks are poorly known as few models are

commercially available. Biofuel costs are high because supply is assumed to be limited relative

to demand, resulting in high market clearing prices; in addition, no innovation is assumed in

biofuel conversion pathways over time. These conservative biofuel conversion pathways

assumptions are being updated as part of on-going PATHWAYS analyses. Finally, hydrogen and

power-to-gas (synthetic methane) incremental costs depend on whether the production of these

energy carriers is from California-sourced grid electricity (as is assumed here), or from other

sources, and the extent to which they can provide a grid flexibility benefit that offsets more

expensive forms of energy storage. Because of limited commercial availability of hydrogen and

power-to-gas symthetic methane, the capital costs and performance of these technologies

remains uncertain.

GHG Mitigation Risk and GHG Mitigation Cost in Alternative
Mitigation Scenarios
The annual net costs resulting from the Alternative Mitigation scenarios are compared in Figure

27 mitigation measures are compared across all these scenarios in Appendix A. The High

Electrification scenario is among the lowest cost scenarios, however, the "No Hydrogen"

scenario and the "High Biofuels" scenarios are both slightly lower cost in 2050. All other

scenarios had higher costs than the High Electrification scenario'
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Figure 27: lncremental Gost of All Mitigation Scenarios Relative to Reference
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The "No Hydrogen" scenario relies on a highly electrified vehicle fleet as well as industrial

electrification in order to meet the 2050 GHG goal without the use of hydrogen fuel, which may

be slightly higher risk than the more diversified transportation strategy embedded in the High

Electrification scenario. The costs and resource potential for industrial electrification are

particularly uncertain, which is why indusuial electrification is excluded from the High

Electrification scenario.

The "High Biofuels" scenario is lower cost than the High Electrification scenario because it
assumes that purpose-grown biomass crops, such as miscanthus, are available at relatively low

cost as a zero-carbon fuel. This strategy may be lower cost than relying on higher adoption

rates of zero-emission vehicles and renewable generation, and using only sustainable biomass

waste products for biofuels, as is assumed in the High Electrification scenario. It could be

achieved at even lower costs than shown here with continued innovation and efficiency

enhancements for biomass conversion processes. However, the "High Biofuels" scenario is also

determined to be higher risk, due to concerns about the long-term availability and sustainability

of growing crops for biofuels.

The No Building Electrification with Power-to-Gas scenario is found to be among the most

expensive Mitigation scenario in 2050 due to the high expense of providing renewable natural

gas with relatively limited biofuels. This finding, howevet, could change if higher incremental

retrofit costs to install heat pumps in existing buildings were assumed in the other scenarios.

Also, producing hydrogen from renewable fuels and synthetic methane derived from a

renewable source of COz are reach technologies that ltave yel. l"u be conuuercially deployed, so

cost estimatcs for this sccnario are highly uncertain'

2030

2050
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In terms of technology cost risk, the largest single contributor to keeping California's GHG

mitigation costs reasonable is the wide scale use of renewable generation and zero-emissions

light duty vehicles. In fact, it does not appear to be possible to meet the state's 2030 or 2050

GHG mitigation goals at current levels of renewable deployment. This makes sense given that

all Mitigation scenarios rely heavily on fuel-switching to low-carbon electricity as a central GHG

reduction strategy.

While it does appear to be possible to meet the state's 2030 GHG mitigation goal with Reference

levels of ZEVs, it is not possible to meet the 2050 target without nearly complete deployment of

ZEVs. This makes sense given that today's light duty vehicles represent the single largest source

of greenhouse gas emissions in the state. Other key strategies for reducing the cost of GHG

mitigation in the 2030 timeframe include smart growth (reducing vehicle miles traveled),

electric heat pumps in buildings, methane capture, and biofuels (FigUre 28).
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Figure 28: Cost Savings Associated with Each GHG Mitigation Strategy (2016$, Billions)
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Cost savings of each GHG mitigation strategy are estimated by comparing the cost of Alternative Mitigation Scenarios to

the High Electrification Scenario, * The cost savings associated with out-of-state renewables are estimated using

RESOLVE model results, rather than PATHWAYS model results, ++ The cost savings associated with renewable electricity

and zero-emission vehicles in 2050 are estimated using sensitivity model runs in which these mitigation strategies are

reverted back to the Reference level assumptions, The cost savings associated with these two measures exceed the

values shown on the chart since it does not appear to be possible to meet the 2050 GHG goal without significant

deployment of each technology.

Source: E3

In Figure 28, the cost savings of each GHG mitigation strategy are estimated by comparing the

cost of Alternative Mitigation Scenarios to the High Electrification Scenario.to Each scenario is

designed to isolate a change in one mitigation strategy, if that strategy does not succeed as

hoped. Additional mitigation stategies are added to ensure that the 2030 and 2050 GHG goals

are still achieved, which results in the additional cost associated with that scenario.

Discussion of Alternative Mitigation Scenario Costs and Uncertainties

If less expensive GHG mitigation strategies prove to be unachievable at the scale assumed in the

High Eleclification Scenario, more expensive alternatives would be necessary to compensate.

10 The exception is the case of renewable electricity and zero emission vehicles, for which the cost savings are

estimated using sensitivity model runs in which these mlrlgarlon strategles are reverted back Lo the Refereucc Ievel
assumptions.
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Within the scenario design framework employed in this analysis, the effect of removing some

GHG mitigation strategies and compensating with others is tested in the Alternative Mitigation

scenarios, including the measures not found to be cost-effective in the High Electrification

Scenario. Available alternatives are selected sequentially from this limited and upward-sloping

supply curve, meaning that reducing or excluding GHG mitigation strategies from a scenario,

that are responsible for large quantities of CO, abatement in the High Electrification scenario,

result in relatively expensive Alternative Mitigation Scenarios. Other studies (e.g., Yang et al.,

2016) have similarly found that marginal economy-wide mitigation costs could be much higher

than average costs. It is difficult to predict with confidence whether and where an "inflection
point" exists in the supply curve for decarbonization in 2050, underscoring the importance of
flexible policy implementation that can incorporate better information as it becomes available.

Two key alternative mitigation strategies are used in these scenarios when other mitigation

strategies fall short: hydrogen fuel cell trucks (fueled by hydrogen produced via grid

electrolysis) and industry electrification. These strategies are classified as "reach technologies"

in this study, meaning that they could be quite expensive but necessary to reach the 2050 goals.

If progress is made in commercializing these strategies and reducing costs, or if other

alternatives become available that are not modeled here, that could reduce the cost of
alternative mitigation scenarios relative to the High Electrification scenario.

Several other key assumptions could change the rank order of the scenario cost savings as

better information becomes available. Biofuels could be available at lower cost than modeled

here with progress in increasing biofuel conversion yields, or if sustainability concerns with
purpose-grown crops are addressed. Alternatively, other jurisdictions may continue to lag

California in decarbonizing their economies, making more of the global biofuel supply available

to california.

Finally, this analysis did not evaluate or include costs associated with retrofitting existing

buildings for electric heating, cooking, and clothes drying. More research is needed to

understand the costs of retrofitting existing buildings to electric alternatives. Including these

costs would reduce the relative cost of strategies that instead rely on decarbonizing the existing

gas pipeline. Likewise, this study did not include the costs of retrofitting natural gas pipelines

to accommodate a blend of hydrogen and methane (only applicable in the No Building

Electrification with Power to Gas Scenario). Future costs associated with producing hydrogen

and synthetic methane, as well as blending hydrogen into the natural gas pipeline are uncertain

and need further research. Building retrofit costs, as well as hydrogen, biomethane and

synthetic methane costs, are likely to decline over time with a market transformation effort.

Finally, this study emphasizes the total resource cost metric that aggregates statewide costs

and benefits, explicitly excluding the impact of state incentives and within-state ftansfers, such

as the impact of cap-and-trade, the LCFS, and utility energy efficiency programs. Costs borne by

individual households could differ markedly from the average, and these impacts could differ
for different mitigation strategies, as well as being dependent on policy implementation. The

Berkeley Economic Advising and Research (BEAR) team evaluated potential costs and benefits of
these deep decarbonization scenarios to low-income and disadvantaged communities in
California. Further research could investigate the specific cost implications of specific state
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policies on individuals and businesses. Furthermore, developing better models to predict and

understand consumer behavior and consumer choices under different cost regimes could lead

to the development of different GHG mitigation scenarios'
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CHAPTER 5: Conclusions

This research has evaluated long-term energy scenarios in California using a variety of
mitigation strategies and technologies. These findings highlight the important role that
consumer decisions, households and businesses, will play in meeting the state's ambitious

near-term and long-term GHG goals.

Supply-side energy policies have been very successful at increasing the use of renewable

electricity and renewable fuels in California, however, these policies will not be sufficient.

Consumer decisions are important to improve the energy efficiency of the state's existing

building stock, to reduce vehicle miles traveled, to purchase and drive zero-emission vehicles,

and potentially to switch to electic space heating and water heating options in their homes and

businesses.

To accomplish this low-carbon energy transition, carbon pricing, through the state's cap and

trade program will play an important role. Likewise, additional market transformation efforts,

and regional policy initiatives, will be needed.

Through the evaluation of these ten scenarios, priority GHG mitigation strategies are identified
and grouped into three categories: 1) strategies requiring widespread scale-up of technology

deployment in the near-term; 2) strategies requiring market transformation to achieve

widespread deployment, and 3) "reach" technologies which are not yet widely commercialized,

but which may be required to achieve the state's 2050 GHG goals, particularly if some

mitigation strategies fall short of expectations (Table 8).

High priority strategies for deployment include energy efficiency in buildings and industry,

renewable electricity and renewable integration solutions, and smart growth leading to near-

term reductions in light-duty vehicle miles traveled. By 2050, 85% to 95% zero-carbon electricity

is expected to be required; however, 100% zero-carbon electricity is likely to be cost prohibitive

compared to alternative GHG mitigation strategies.

High priority strategies that require additional market transformation include deployment of
zero-emission light duty vehicles, advanced energy efficiency in buildings, including building
electrification, replacement of fluorinated gases with less potent global warming potential
gases, and capture of methane emissions.

Finally, at least one reach technology is likely to be required to achieve the 2050 mitigation
goal. Examples of reach technologies that provide solutions in hard-to-electrify sectors include

advanced, sustainable biofuels, zero-emission heavy-duty long-haul trucks, industrial
electrification and hydrogen production using electrolysis. The priority strategies shown in
Table 8 are based on the costs and risks to achieving the state's long-term 2050 climate goal

evaluated through this reach. The 2030 "indicative metrics" are provided as a near-term metric

to evaluate whether the state is on track to meet the long-term climate goals.
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Table 8: Priority GHG Reduction Strategies

Scale-up & Deploy 2030 lndicative Metrics Key Ghallenges

Energy efficiency in

buildings & industry

Deployment of LED lighting, higher efficiency

plug loads, improved shell in existing buildings,

continued improvements and enforcement of

building codes, industrial EE

Consumer decisions and

market failures

Renewable

electricity

70 - 80o/o zero-carbon electricity with renewable

integration solutions: flexible loads, market-

based cu rta i lm ent, cost-effective g rid stora ge

lmplementation of

integration solutions

Smart growth

Reduced vehicle miles traveled through

increased use of public transit, walking, biking,

tele-presence, and denser, mixed-use

community design

Consumer decisions and

legacy development
patterns

Market
Transformation

2030 lndicative Metrics Key Challenges

Zero-emission light-

duty vehicles (ZEV)

At least 6 million ZEVs, >60% of new sales are

ZEVs, drivers have access to day-time charging

stations and time-of-use charging

Consumer decisions and

cost

Advanced building

efficiency/

electrification

50% of new water heater and HVAC sales are

high efficiency heat pumps

Consumer decisions, equity

of cost impacts, cost and

retrofits of existing buildings

F-gas replacement
Replace F-gases with lower global warming

potential (GWP) refrigerants

Lack of standards to require

alternatives

Methane capture
Methane capture from manure, fugitive and

process emissions, landfills and wastewater

Smalland diffuse point

sources

Reach

Technologies
2030 lndicative Metrics Key Challenges

Advanced

sustainable biofuels

Demonstrated use of sustainable, carbon-

neutral biomass feedstocks to produce

commercial-scale biofuels

Cost and sustainability

challenges

Zero-emissions

heavy-duty trucks

Commercial deployment of battery-electric

and/or hydrogen trucks
Cost

lndustrial

electrification

Cost-competitive electrification of industrial end-

uses, including boilers, machine drives, and

process heating

Cost

Electrolysis

hydrogen production

lmproved cost and efficiency at commercial

scale. Business model for flexible hydrogen

production.

Cost

Source: E3
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Scale-Up and Deploy

Within the category of scaling up the deployment of existing strategies this analysis indicates

the state must execute its ambitious building energy efficiency goals and exceed the current

renewable electricity goals to meet the GHG emission reduction goals for 2030 and 2050.

Examples include continued progress in using LED lighting across nearly all lighting

applications and continued improvements to the state's adoption and enforcement of appliance

codes and building standards. California has a long history in using energy efficiency in

buildings. To meet the state's energy efficiency goals of doubling energy efficiency

achievements, however, a new paradigm for energy efficiency program design is required which

is likely to require market transformation of advanced forms of energy efficiency and building

elecuification.

Likewise, California also has a strong track record on renewable development. In the past

decade, renewables in the state have increased from II% to over 25% of total generation (CEC,

2016). This research suggests that renewable generation requirements are expected to increase

to 60%-70% (equivalent to 7O%-BO% zero-carbon generation) by 2030, with 85%-95% zero-carbon

generation required by 2050. Achieving these high levels of renewable generation will require

policy coordination to ensure that renewable integration strategies are developed and deployed

in concert with higher levels of renewables.

However, achieving IOO'A zero-carbon generation appears to be cost prohibitive without major

advances in low-cost energy storage. In the High Electrification scenario, natural gas generation

provides the remaining 5% of energy requirements and helps ensure resource adequacy and

energy sufficiency during periods of low renewable generation. This 5% of natural gas

generation helps to contain the cost impacts of the scenario compared to a 100% zero-carbon

scenario.

For 2030 and 2050, key renewable integration solutions necessary to contain the costs of high

Ievels of renewable energy on the grid include: 1) increased reliance on flexible loads and

demand-shifting, particularly in electric vehicle charging, but also in buildings and industry;2)

regional markets and regional procurement of renewable energy; 3) market-based renewable

curtailment, combined with using supervisory control and data acquisition (SCADA) systems, to

allow renewable curtailment as a low-cost strategy to manage variable renewables on the grid,

and 4) cost-effective grid storage including hydroelectric, battery, and chemical storage.

Finally, this analysis suggests California must achieve its ambitious smart growth and

sustainable community strategies as part of a suite of strategies to achieve 2030 and 2050

greenhouse gas emission reduction goals, entailing a per capita reduction in light duty vehicle

miles traveled through increased utilization of public transit, walking, biking, tele-presence and

denser, mixed-use community designs. Smart growth strategies are particularly important for

meeting the 2030 GHG goals while fossil-fueled uansportation still represents the largest share

of the state's total GHG emissions.

without any one of these three priority deployrnent strategies - energy efficiency, renewable

generation, and smart growth - the cost of meeting the state's climate goals is expected to be

much higher.
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Market Transformation

Only scaling up known strategies will not be sufficient to meet the state's 2030 goal, let alone

the 2050 goal. To meet the state's 2030 climate goals, business and household decisions will
play a pivotal role: from vehicle purchases, to water heater and heating, ventilation and air

conditioning (HVAC) purchase and installation decisions, to vehicle driving behavior. Market

transformation is necessary to bring down the cost and improve the performance of customer-

facing zero-emissions technologies, primarily zero-emission vehicles and electric heat pumps in

buildings. Carbon pricing and other existing policies on their own are unlikely to be sufficient

to overcome some of the market barriers to adoption.

Furthermore, unlike in the transportation sector, California does not have a strong market or

policy framework to encourage decarbonization of buildings; a gap which the combination of

higher carbon prices and new market transformation programs could help fill. Market

transformation programs and incentives could be directed towards helping to bring down the

upfront capital cost of electric heat pump installations and retrofits, and training HVAC

professionals to gain more experience with their deployment'

The building construction, efficiency, and HVAC markets are more localized to California than

the vehicle or renewable generation markets because of the high reliance on local, skilled labor

for installation and construction. As a result, global markets may help reduce the equipment

cost and improve the performance of high efficiency appliances, but market transformation

may still be required at a local level to achieve higher levels of consumer adoption of these

technologies.

Another area where market transformation is needed is to reduce emissions of non-combustion

GHGs, principally fluorinated gasses ("F-gases") used primarily as refrigerants, and methane

from agriculture, waste, and the extraction, production and conveyance of fossil fuels. Industry

standards and regulations are needed to phase out the use of F-gases. Such regulations are

under consideration at the U.S. EPA, and California legislation has been proposed to require

alternatives to F-gases. The Kigali Agreements, an amendment to the Montreal Protocol, call for
global reductions in F-gases, yet it remains to be seen to what degree these targets will be

adhered to and enforced. Meanwhile, achieving higher levels of methane capture will require a

diverse set of strategies that address the challenges posed, in particular, by the diffuse point

sources from waste and dairy methane.

Reach Technologies

In addition to scale-up and market transformation of existing GHG reduction strategies, at least

one, and potentially more than one, "reach" technology that has not yet been commercially

proven will likely be necessary to meet the 2050 GHG goal. Reach technologies can also help to

mitigate the risk that one or more "proven" GHG mitigation strategy could fall short of
expectations. A reach technology should ideally help to reduce greenhouse gas emissions in

otherwise difficult to electrify end-uses such as heavy-duty trucking (which currently represents

GHG emissions of about 30 MMT CO2e in California today), off-road transportation (including

aviation, rail, boats and other off-road equipment, and whlch represents about 15 MMT CO2e ht

California today), or industry (including manufacturing, rcfining, and oil and gas, which

represents about 92 MMT CO2e in California today).
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Examples of reach technologies include advanced, sustainable biofuels or hydrogen production

from electrolysis, both of which use proven manufacturing technologies, but neither of which

have achieved commercial scale. Industrial electrification and zero-emissions heavy duty trucks

are other examples of reach technology areas that could be useful to meeting the state's 2050

GHG mitigation goals, but for which minimal cost and performance data are available.

Future Research Needs

These long-term energy scenarios show that natural gas electricity generation is likely to fall

dramatically relative to current levels, as higher levels of zero-carbon generation are brought

online. A key research question remains, however, regarding how much of the state's existing

natural gas generation will still be required to support resource adequacy and ensure energy

sufficiency during periods of low renewable energy availability, or whether long-duration

energy storage technologies will be developed to replace this need'

Likewise, most of the scenarios evaluated in this analysis, including the High Electrification

scenario, show a dramatic reduction in natural gas demand at the distribution level. An area for

additional research and policy work surrounds the question of how the regulated natural gas

utilities will adapt to these changing demand conditions, and whether high building

electrification is practically, politically and economically feasible over this relatively short

timeframe.

California's electric regulatory environment is not currently designed to prioritize low-carbon

solutions in buildings. Energy efficiency programs and electric retail rates may need to be

redesigned to enable greater building efficiency and electrification. Areas for additional

research include an assessment of the distribution level upgrades that would be needed to

enable building electrificationr as well as the costs and market barriers to building

electrification.

This study assumes that California will succeed in reversing historical trends and will bring

GHG emissions from natural and working lands down to a zero net COz emissions impact by

2050. Achieving this goal will require large changes in ecosystem carbon storage, impacting

both land-use management and development practices. More research is needed to understand

both the likely changes in California ecosystems in response to climate change as well as the

potential for increasing carbon storage to offset other greenhouse gas emissions that are most

difficult to mitigate.
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Term Definition

AAEE Additional achievable energy efficiency

ARB California Air Resources Board

BEV Battery electric vehicle

CCS Carbon capture and storage

CEC California Energy Commission

CFC Chlorofluorocarbons

CNG Compressed natural gas

CO, Carbon dioxide

E3 Energy and Environmental Economics, Inc.

EE Energy efficiency

U Exajoule, a unit of energy equal to one quintillion (10'8) joules

EPIC The Electric Program Investment Charge

EV Electric vehicle

FCEV FueI cell electric vehicle

F-gas Fluorinated gas

GGE Gallons of gasoline equivalent

GHG Greenhouse gas

cwh Gigawatt-hour, a unit of energy in electricity

HDV Heavy duty vehicles

HFC Hydrofluorocarbons

HVAC Heating ventilation and cooling

LCFS Low carbon fuel standard

LDV Light duty vehicles

MDV Medium duty vehicles

MW Megawatt, a unit of capacity in electricity

PINV Plug-in hybrid clcctric vchiclc

GLOSSARY
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PJ Petajoule, a unit of energy equal to one quadrillion (10") joules

RPS Renewable portfolio standard

SB Senare BilI

SLCP Short-lived climate pollutant

VMT Vehicle miles traveled

ZEV Zero-emission vehicle
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APPENDIX B:
PATHWAYS Model Input Assumptions

For each sector, references to data sources are provided as well as highlighting key

assumptions.

Energy Demand

Energy Demand Equipment Financing Assumptions

The financing rate to annualize incremental equipment costs is 5% (real), with a range of 3% to

10% tested in sensitivities. Capital costs are annualized over the assumed useful lifetime of the

equipment. Lifetimes of selected equipment are listed below.

9Reference Gas

High Efficiency Gas 9

16Electric Heat Pump

Residential Water Heating

18Reference Gas Furnace

25Reference Gas Radiator

High Efficiency Gas Furnace 18

25High Efficiency Gas Radiator

18High Efficiency Electric Heat Pump

Residential Space Heating

14Reference

High Efficiency 14

14
High Efficiency Electric Heat Pump
(Coolinq)

Residential Central Air Conditioning

Reference Gas 12

12High Efficiency Gas

14High Efficiency Electric Heat Pump

Gommercial Water Heating

18Reference Gas Furnace

Reference Gas Boiler 25

18High Efficiency Gas Furnace

Commercial Space Heating

Subsector Technology I ifetime (yr)
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25High Efficiency Gas Boiler

15High Efficiency Electric Heat Pump

15Reference

15High Efficiency

15
High Efficiency Electric Heat Pump
(Coolinq)

Gommercial Air Conditioning

17Light-Duty Auto (all techs)

17Light-Duty Truck (all techs)
Transportation: Light-Duty Vehicles

17Medium-Duty Truck (all techs)Transportation : Medium-Duty
Vehicles

16Heavy-Duty Truck (all techs)Transportation : Heavy-DutY

Vehicles

12Bus (alltechs)Transportation: Buses

Subsector Technology Lifetime (yr)

Residential Buildings and Commercial Buildings

Residential Data Sources

California Energy Demand 2016-2026 Adopted

Forecast, California Energy Commission,

January 2016, CEC-200-201 6-001 (1 5-l EPR-03)

Calibration of sectoral electricity
demand input data (GWh)

2009 residential gas usage demand from CEC

Energy Consumption database and KEMA, 2009,

California RASS

Calibration of sectoral pipeline gas

demand input data (Mtherms)

Kema, 2009. California RASS.

Percent of high efficiency clothes washers based

on 2013 Navigant Potential Study.

Lighting based on 2010 DOE Lighting Market

Characterization Report Tables

Reference technology shares (% of

stock)

Data used in support of AEO 2013 from the

National Energy Modeling System: lnput

filenames "rsmlgt.txt"

For lighting: Energy Savings Potential of Solid-

State Lighting in General lllumination

Applications (DOE, 2012\

Technology inputs including useful life,

energy type, and cost assumPtions

ReferenceDescri n
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Subsector energy or service demand

consumption estimate used to calibrate
total service demand (kWh/household)

KEMA, 2009. California RASS

Energy Star Program Requirements and Criteria

for Dishwashers

Cost projections are taken from data used in
support of AEO 2013 from the National Energy

Modeling System: lnput filenames "rsmlgt.txt"

and lnput filenames "rsmeqp.txt". Lighting from

the Energy Savings Potential of Solid-State
Lighting in General lllumination Applications for
LED lamps and luminaires. Heat pump water
heater costs from ltron report to CPUC (2014;
http ://www. ca I m ac. orq/pu bli cationsi20 1 0-

Final Report.pdf ): see data below

2012 WO017 Ex Ante Measure Cost Studv -

Per-unit technology costs

Data used in support of AEO 2013 from the
National Energy Modeling System: lnput filename
"rsmshl.txt" and lnput filename "rsmeqp.txt".

Adjusted from UEC values taken from "rsuec.txt"

and stock efficiencies from "rsstkeff.txl". DOE,

2012. Energy Savings Potential of Solid-State
Liqhtinq in General lllumination Applications.

Technology efficiencies

Assumed to be $0.03 / kwh (2012$)Residential "Othe/' subsector efficiency
capitalcost

ReferencenDescri

Commercial Data Sources

California Energy Demand 2016-2026 Adopted
Forecast, California Energy Commission,

January 2016, CEC-2OO-201 6-001 (1 5-l EPR-03)

Calibration of sectoral electricity
demand input data (GWh)

California Energy Demand IEPR 2014 - Mid

Demand Case
Calibration of sectoral pipeline gas

demand input data (Mtherms)

ReferenceDescription
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Energy use by technology per square
foot

CEUS, 2006. SCE values used for LADWP and
"Other" electric service territories. Adjusted for
square footage with no cooling. And for lighting:

DOE Lighting Market Characterization Report,
2010.

Service demand share from National Energy

Modeling System: lnput filename "ktek.txt"

adjusted for service saturation from 2006 CEUS,

and for lighting: DOE Lighting Market

Characterization Reoort. 201 0.

Reference technology shares (% of
stock)

Data used in support of AEO 2013 from the
National Energy Modeling System: lnput
filenames "ktek.txt".

Technology inputs including useful life,

energy type, and cost assumptions

CEUS, 2006 and data used in support of AEO
2013 from the National Energy Modeling System
I nput filenames "ktek.txt".

Subsector energy or service demand

consumption estimate used to calibrate
totalservice demand (kWh/sq ft)

Data used in support of AEO 2013 from the
National Energy Modeling System: lnput
filenames "ktek.txt". Heat pump costs were
updated to AEO 2014 data from National Energy
Modelinq Svstem.

Per-unit technology costs

Technology efficiencies
Data used in support of AEO 2013 from the
National Energy Modeling System: lnput
filenames "ktek.txt".

ron Reference

Water Heating and HVAC Selected Capital Cost and Efficiency Assumptions

Reference Gas 0.62 N/A $920/unitResidential

Water Heatino Electric Heat Pump 2.35 N/A $2630/unit
Reference Gas Furnace 0.81 N/A $2500/unit
Reference Gas Radiator 0.82 N/A $3500/unit
High Efficiency Gas
Furnace

0.98 N/A $3750/unit

Residential
HVAC
(Heating and
Cooling) High Efficiency Gas

Radiator
0.98 N/A $4000/unit

Subsector Technology Cost (2012$)
Heatin (coP) Coolin (coP)

Efficiency for Efficiency for
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$3200/unitN/A 4.02Reference CentralAC

$5750/unitN/A 7.03High Efficiency Central

AC

$4500/unit3.22 7.03
High Efficiency Electric
Heat Pump (Heating &
Coolins)

N/A
$26/(kBTU/hr

)
Reference Gas 0.78

2.35 N/A
$2e3(kBTU/

hr)
High Efficiency Electric

Heat Pump

Commercial
Water Heating

0.78 N/A
$1O/(kBTU/hr

)
Reference Gas Furnace

$25l(kBTU/hr
)

0.80 N/AReference Gas Boiler

N/A
$12l(kBTU/hr

)

High Efficiency Gas

Furnace
0.89

o.97 N/A
$38/(kBTU/hr

)

High Efficiency Gas
Boiler

$1 14(kBTU/
hr)

N/A 3.37Reference CentralAC

4.07
$194(kBTU/

hr)
High Efficiency Central

AC
N/A

3.52
$1 12(kBTU/

hr)

High Efficiency Electric

Heat Pump (Heating &
Coolino)

3.40

Commercial
HVAC
(Heating and

Cooling)

Subsector Technology Cost (20'12$)
Heatin CO Cooli coP)

Efficiency for Efficiency for

For new appliances sotd in 2030 when values vary over time. Coefficient of performance (COP) is the ratio of heating or

cooling output to final fuel energy input. Capital costs for HVAC heat pumps are assumed to be split equally between

heating and cooling subsectorc.

Climate Impacts on Building Heating and Cooling Demands

These demand changes were estimated based on building energy demand simulations
performed by the University of California, Irvine as part of a separately funded CEC EPIC grant

(PON-14-309). Demand changes for 2050 were forecast using Representative Concentration

Pathway 8.5 scenario changes, averaged over the climate models in California's 4'h State Climate

Assessment, for each of the CEC's Building Climate Zones. These were mapped to PATHWAYS

energy geographies used for each demand subsector and linearly interpolated between 2015

and 2050. (Changes in water heating energy demands in building energy simulations were less

than 196 and wcrc not included in PATHWAYS.) Resulting statewide average changes by

suhsector are below.
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-25o/oResidential Space Heating
+3Qo/oResidential Air Conditioning
-14o/oCommercial Space Heating
+32o/oCommercial Air Conditioning

Average Change in Energy Demand

from 2015 to 2050 due to Climate
Subsector

Chan 6

Transportation

Transpofiation Data Sources

o CARB EMFAC 2014 (LDV, MDV, HDV, and Buses)

o ARB Vision 2.1 Passenger Vehicle Module

. ARB Vision 2.1 Heavy Duty Vehicle Module

o ARB 2012 Vision off-road (passenger rail, freight rail, harbor craft, oceangoing

vessels, aviation)

. Historical levels of transportation diesel consumption are calibrated to the

2016 California GHG emission inventory

. Historical levels of transportation natural gas consumption are calibrated to

data from the Low-Carbon Fuel Standard regulation

VMT/Fuel use

ARB Vision 2.1 Passenger Vehicle Module

ARB 2012 Vision off-road (passenger rail, freight rail, harbor craft,

oceangoing vessels, aviation)

"Transitions to Alternative Vehicles and Fuels", National Academies Press,

2013, Mid case (LDV auto and truck)

Historicalfuel efficiency for light-duty vehicles is calibrated based on

gasoline fuel consumption in the 2015 California GHG emission inventory

a

a

a Black and Veatch analysis for this study (MDVs and HDVs: see below)

Fuel efficiency

Description Reference
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New

Technology
costs

Electric bus costs data are from ARB, based on the 2013 CaISTART report.

Black and Veatch analysis for this study (MDVs and HDVs; see below)

Ricardo analysis of electric vehicle incremental costs for E3 used for the

Pacific Gas & Electric Co EPIC report for 2016: "EPIC 1.25 - Develop a Tool

to Map the Preferred Locations for DC Fast Charging, Based on Traffic

Patterns and PG&E's Distribution System, to Address EV Drivers' Needs

While Reducing the lmpact on PG&E's Distribution Grid", available at

https : //www. po e. com/poe q loba l/com m onipdfs/abo ut-
pq e/envi ron menVwhat-we-a re-d o i ng/electric-proo ram-i nvestment-

charoe/EP|C-1.25.pdf . Used for LDV auto and truck, PHEV and BEV

a

a

a

costs and PHEV utility factors.

Reference
technology
shares

Vehicle stocks are calibrated to the ARB Vision 2.1 "Current Control

Programs" scenario

a

Workplace
electric vehicle
charger capital

cost

$4100 per vehicle in 2030 (2012$)a

Description Reference

LDV costs and efficiencies

Notes: Gallons of Gasoline-Equivalent (GGE) are used in PATHWAYS using the High Heating

Value: 129 MJ / GGE. The plug-in hybrid elecuic vehicles have a range of 40 mi in electric drive

mode, with75% of miles assumed driven in electric drive mode.

33 40 40Reference Gasoline ICE Light-Duty Auto
45 8033Efficient Gasoline ICE Liqht-Duty Auto

131 155 202Battery-Electric Lig ht-Duty Auto
83 101 138Hvdroqen Fuel-Cell Liqht-Dutv Auto

155 202131Pluq-in Hvbrid Electric Light-Duty Auto
23 30 30Reference Gasoline ICE Light-Duty Truck

5423 34Efficient Gasoline ICE Liqht-Duty Truck
95 111 140Batterv-Electric Liq ht-Duty Truck
60 72 95Hydroqen Fuel-Cell Light-Duty Truck

111 14095Pluo-in Hvbrid Electric Liqht-Duty Truck

Efficiency (mi/GGE)

2020 2030 2050Vehicle Tech
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$36.645 $37,485$35,490Reference Gasoline ICE Liqht-Duty Auto
$35.490 $36.645 $37.485Efficient Gasoline ICE Liqht-Duty Auto
$43.050 $36,645 $37,485Battery-Electric Light-Duty Auto

$45.675 $37.485$56,385Hvdroqen Fuel-Cell Lioht-Duty Auto
$43.365 $39.585 $37,485Pluq-in Hybrid Electric Light-Duty Auto

$39.541$35,424 $37,546Reference Gasoline ICE Liqht-Dutv Truck
$37.546 $39.541$35,424Efficient Gasoline ICE Liqht-Duty Truck

$46,637 $38.565 $39,541Batterv-Electric Lig ht-Duty Truck
$63,000 $45,675 $39,585Hvdrooen Fuel-Cell Liqht-Dutv Truck

$41.522 $39.541$47,351Pluq-in Hvbrid Electric Light-Duty Truck

Capital Cost (2016$)

2020 2030 2050Vehicle Techno

Medium-Duty and Heavy-Duty Truck Efficiencies and Costs

Vehicle costs and fuel economy for advanced medium- and heavy-duty trucking modes were

estimated by Black and Veatch using available data from vehicle manufacturers, direct contact

with oEMs, third-party transportation studies and market summaries, and previous and

ongoing Black & Veatch transportation and energy storage analyses. As well as assessing 2016

values, projections were developed for the years 2025 and 2050 in constant 2012$.

Friority was given to providing estimates which illustrate the relative differences between

technologies. In the case of medium and heavy-duty vehicles, there is a very wide range in

application, duty, gross vehicle weight, driving speed, and driving range, resulting in
significantly different costs and fuel economies, even within a specific class of truck.

Furthermore, many of these technologies are still quite speculative for medium and heavy duty

trucking applications. To best provide the desired relative basis between technologies, specific

vehicle data was synthesized to develop representative baseline values for conventional diesel

technologies, and then to apply estimated incremental costs and percent change in fuel

economy for all other technologies.

References:

Boer, E.D.; Aarnink, S.; Kleiner, F.; Pagenkopf, J. "Zero Emissions Trucks: An Overview of State-

of-the-Art Technologies and Their Potential." Delft (July 2013).

California Air Resources Board. "Draft Technology Assessment: Medium- and Heavy-Duty Fuel

Cell Electric Vehicles." (November 2015).

California Air Resources Board. "Draft Technology Assessment: Heavy-Duty Hybrid Vehicles."

(November 2015).

California Air Resources Board. "Draft Technology Assessment: Medium- and Heavy-Duty

Battery Electric Trucks and Buses." (October 2015).
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California Air Resource Board. "Medium- and Heavy-Duty Battery Electric Vehicles: Technology

Assessment." Presented Septembet 2, 2OI4,Sacramento, CA.

California Air Resources Board. "Medium- and Heavy-Duty Fuel Cell Electric Vehicles:

Technology Assessment." Presented Septemb er 2, 2014, Sacramento, CA.

Ford Motor Company Website: http://www.ford.com/commercial-trucks/f650-f750/models/ ;

(accessed February 2016).

Freightliner Website: http://www.freightlinergreen.com/truck ; (accessed February 2016).

National Research Council. "Technologies and Approaches to Reducing the Fuel Consumption

of Medium- and Heavy-Duty Vehicles." (2010).

U.S. Department of Energy. "Fuel Cell Technologies Program Record #12OI2." (September 2012)'

U.S. General Services Administration. "2012 Alternative Fuels Vehicle Guide." (April 2012).

U.S. General Services Administration. "2013 Alternative Fuels Vehicle Guide." (September 2012).

U.S. General Services Administration. "2016 Alternative Fuels Vehicle Guide." (December 2015).

MDV Costs and Efficiencies

13.5 13.214.0Diesel ICE
16.0 20.0 22.4Hvbrid-Electric Diesel

12.29.7 11.1Compressed NaturalGas
30.1 32.5 34.3Batterv-Electric
12.8 13.9 15.0Hvdroqen FuelCell

10.4 10.99.7Gasoline ICE

Efficiency (mi/GGE)

2020 2030 2050Vehicle Techn

$85 $ee $e9Diesel ICE
$1 13$1 10 $118Hvbrid-Electric Diesel

$92 $1 06 $106Compressed Natural Gas
$124$1 81 $145Battery-Electric

$247 $1 80$289Hvdroqen Fuel Cell
$75 $88 $88Gasoline ICE

Capital Cost (Thousand 2016$)
2020 2030 2050Vehicle Technolo

B-9



HDV Costs and Efficiencies

Bus Costs and Efficiencies

Rail and Port Elecuification Costs

Passenger and freight rail electrification is assumed to have a levelized capital cost of $0.73 per

gallon of diesel avoided, with a 45% energy efficiency improvement. Port electrification (shore

7.6 7.7 7.7Reference Diesel ICE
12.79.2 11.8Hvbrid Diesel

9.4 10,28.2Efficient Diesel ICE

6.8 8.5 9.7Compressed NaturalGas
11.28.5 10.0Hvdroqen Fuel Gell

16.2 17.013.9Batterv-Electric

Efficiency (miiGGE)

2020 2030 2050Vehicle Technolo

$197 $217 $217Reference Diesel ICE

$277$250 $286Hvbrid Diesel
$220 $259 $259Efficient Diesel ICE

$286$273 $307Compressed NaturalGas
$636 $477$721Hvdroqen Fuel Cell

$484 $372 $288Batterv-Electric

Capital Cost (Thousand 20'16$)

2020 2030 2050Vehicle Technol

77 7Gasoline IGE
8 I8Diesel ICE

6 6 6Compressed NaturalGas
2320 18Batterv-Electric

E[[icierrcy (nri/GGE)

2020 2030 2050Vehicle Technol

$107 $107 $107Gasoline ICE
$525$525 $525Diesel ICE

$609 $609$609Compressed NaturalGas
$731 $628 $628Battery-Electric

Capital Cost (Thousand 2016$)

2020 2030 2050Vehicle Techno
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power for hoteling of ships) is assumed to have zero incremental capital cost, with a 45%

energy efficiency improvement.

Industrial, Refining, and Oil and Gas

Industrial Data Sources

Refining Data Sources

CEC data used in support of http://uc-

ciee. orq/downloads/CALEB. Can. pdfSectoral electricity demand input data

CEC data used in support of http://uc-

ciee.org/downloads/CALEB. Can. pdf

Calibrated to CARB emissions inventory
2014 data

Sectoral pipeline gas demand input data

CARB emissions inventory historical dataSectoral "other" enerqv input data

CPUC Naviqant Potential Study, 2013.End-use enerqv decomposition by subsector

ReferenceDescription

California Energy Demand 2016-2026 Adopted Forecast, California
Energy Comm ission, January 2016, CEC-200-201 6-001 (1 5-l EPR-
03)

Sectoral electricity
demand input data

CEG data used in support of http://uc-
ciee.org/downloads/CALEB.Can. pdf. Allocated to gas utility service
territories as a function of refinery electricity demand (broken out by

electric service territory). Assumed that LADWP and SCE refining
demand met by SCG.

Calibrated to CARB emissions inventory 2014 data

Sectoral pipeline gas
demand input data

CARB GHG Emissions lnventory. Allocated to gas utility service
territories as a function of refinery electricity demand (broken out by

electric service territory). Assumed that LADWP and SCE refining
demand met by SCG

Sectoral "other"
energy input data

Descri ton Reference
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Oil and Gas Extraction Data Sources

Energy Efficiency Cost Assumptions for Industrial Sectors

Efficiency costs are a rough estimate based on personal communication with CARB staff. The

efficiency costs are estimated in $/ton COze avoided fossil fuel combustion. Based on

PATHWAYS fuel cost and sectoral fuel compositions, these are converted to $/GJ of avoided

fossil fuel combustion for model input by industrial sector.

Electrification Cost Assumption for Industry

Industry electrification of natural gas and diesel end uses are assumed to have a levelized

capital cost of $5 per GJ electrified (2012$), with no change in process energy efficiency

resulting from electrification. These costs are in addition to incremental fuel costs (or savings)

from electrification. This is a placeholder assumption until better data are available.

Sectoral electricity
demand input data

California Energy Demand 2016-2026 Adopted Forecast,

California Energy Commission, January 2016, CEC-200-2016-001
(15-rEPR-03)

CEC data used in support of http://uc-

ciee. org/downloads/CALEB. Can. pdf

Calibrated to CARB emissions inventory 2014 data

Sectoral pipeline gas
demand input data

Descri on Reference

$10$35 $17 $6
0-10% Energy

demand reduction

$22 $14 $15
10-2oo/o Energy

demand reduction
$135

$31 $25 $24
20-30o/o Energy

demand reduction
$300

Modeled Cost (2012$ per GJ avoided)

lndustrial Refining Oil & Gas
Exttaction

Efficiency lranche

COze avoided

Estimated Cost
(2012$ per ton
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Agficulture and TCU (Transportation, Communication, and Utilities)

Agriculture Data Sources

TCU (Transportation, Communication, & Utilities) Data Sources

California Energy Demand 2016-2026 Adopted Forecast,

California Energy Commission, January 2016, CEC-200-201 6-

001 (15-rEPR-03)

Sectoral electricity
demand input data

Sectoral pipeline gas
demand input data

California Energy Demand 2016-2026 Adopted Forecast,

California Energy Commission, January 2016, CEC-200-2016-

001 (15-rEPR-03)

Diesel: EIA Adjusted Sales of Distillate Fuel Oil by End Use

Gasoline: CARB GHG Emissions lnventory
Sectoral "othe/' energy
input data.

CPUC Navigant Potential Study, 2013
End-use energy
decomposition by
subsector

Energy efficiency cost
assumptions

Efficiency costs are estimated at $0,37lkWh (2012$) based on

estimated cost of switching to LED lighting.

Descri Reference

Sectoral electricity
demand input data

California Energy Demand 2016-2026 Adopted Forecast,

California Energy Commission, January 2016, CEC-200-
2016-001 (15-rEPR-03)

California Energy Demand 2016-2026 Adopted Forecast,

California Energy Commission, January 2016, CEC-200-
2016-001 (15-rEPR-03)

Sectoral pipeline gas
demand input data

ReferenceDescription
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Energy Supply

Electricity

Elecuicity Data Sources

Residential & commercial: Primarily DEER 2008 and DEER 20L1,

BEopt for residential space heating, cooking and other, CEUS for

commercial space heating, lighting and cooking.
Aqriculture & Industrial: PG&E 20L0load shape data

Hourly end-use
electric load
shapes

Solar PV: simulated using System Advisor Model (SAM), PV

Watts
Concentrated solar power: simulated using System Advisor
Model (SAM)

Wind: Westem Wind Dataset by 3TIER for the first Westem Wind
and Solar Integration Study performed by NREL

http://wind.nre1. eov/lveb nrel/

Hourly
renewable
generation
shapes

Monthty hydro energy production data from historical EIA data

reported for generating units,
www.eia. gov/electricitlz/data/eia923l Daily minimum and

maximum hydro generation limits based on CAISO daily
renewable watch hydro generation data

www. caiso. com/market/Pages/ReportsBulletins/DailyRenewables
Watch.aspx. Adjusted for climate change impacts based on

simulated data from University of Califomia, Irvine as part of a

separately funded CEC EPIC grant (PON-14-309).

Hydroelectric
draracteristics

Import/export
limits

Consistent with assumptions used in base case of CA electric

utility/E3 study "Investigating a RPS Study" (2013)

Existing
generation &
heat rates

TEPPC 2022Common Case, and "Capital cost review of power
generation technologies, recommendations for WECC's 10- and

20-year studies"

eneration CapCost Report E3.pdf

Data sourceCategory
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CPUC RPS Calculator version6.2

Utility-scale solar and wind costs updated to 2017 E3 assessment

for the WECC: "Review of Capital Costs for Generation
Technolo gies," av ailable at

.pptx

Renewable
generation &
transmission
capital costs and
capacity factors

Thermal
generation
capital costs

"Capital cost review of power generation technologies,

recommendations for WECC's L0- and 2O-year studies" (83,

March 201,4)

eneration CapCost Report E3.pdf
14

Energy storage
capital costs

Harmonized with "mid" case RESOLVE assumptions for 2017

CPUC Integrated Resource Plan (below), adapted from Lazard's

Leaelized Cost of Storage 2.0 (201.6), available at

https: //www.lazard. com/perspective/levelized-cost-of-storage-
analvsis-20/

Power plant
financing
assumptions

"Capital cost review of power generation technologies,

recommendations for WECC's L0- and 20-year studies" (E3,

Mardr 201,4)

www.wecc.bizlcommittees/BOD/TEPPC/Extemal/2014 TEPPC G

eneration CapCost Report E3.pdf

Revenue requirement by comPonent, historical FERC Form 'J' data,

www. ferc. gov/docs-filing/forms. asp

Current electric
revenue
requirement

CPUC RPS Calculator version6.2 defines data sources for existing

and contracted generators. Calibrated to 20'J.6 electric system

generation reported by the CEC

(http://www.energy.ca. gov/almanac/electricity dataltotal system

power.html. accessed August 2017) and CARB emissions

inventory for 201"5. Reference RPS procurement estimated at29%

in 2015 and35"/" n2020.

Renewable
portfolio
procurement
trajectory

Data sourceCategory
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Renewable
Portfolio
Standard
Compliance

Portfolio Content Category (PCC) 3 Renewable Energry Credits

(RECs) harmonized with RESOLVE inputs for CPUC2017

Integrated Resource Plan (see below). Water-pumping loads

exempted from RPS compliance from the Califomia Energy

Demand 20L6-2026 Adopted Forecast, California Energy
201.6, CEC-200 -201.6 -00 1 ( 1 5-IEPR-03)Commissiory ]anuary

In-state
renewable
resource
potential

Calibrated to RESOLVE simulations for 2030 for the CPUC 2017

Integrated Resource Plan (see below)

Califomia Energy Demand 201'6-2026 Adopted Forecast,

Califomia Energy Commission, January 20'l'6, CEC-200-201"6-001'

(15-rEPR-03)

Customer-sited
Solar PV

capacity

LBNL 2025 Califomia Demand Response Potential Study (2017),

available from the CPUC at

http: //www. cpuc. ca. govMorkArea/DownloadAsset. aspx?id=6442

452698. A total of approximately 8 GW is available in
PATHWAYS by 2031

Demand
resPonse

potential

Data sourceCategory

Selected Resource Capital Costs

Miscellaneous Electricity Assumptions

$162$162Wind $266
$176 $176$216Utilitv-Scale PV
$127 $127$2152-hr Batteries (Li-ion)

$294$495 $2945-hr Batteries (Li-ion)

$360 $360$5818-hr Batteries (Va Flow)

Levelized Capital Costs (201 2$/kw-yr)

2015 2030 2050Technol

1 1% between 2015 and 2050Reduction in annual hydroelectric energy
budqet due to climate change

2025 (Diablo Canyon) and 2047 (Palo Verde)Nrrclear plant retirement years

ValueAssumption
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Announced retirement schedules as of June
2017, all contracts end by 2025Out-of-state coal generation contracts

2GWAdditional in-state wind potential by 2030

2GWAdditional in-state geothermal potential by
2030

15o/o

Planning reserve margin (resource adequacy
provided by storage, renewables, and
thermal)

1500 MWCalifornia net export limit

10.1 TWh in 2015 increasing to 12.3 TWh by
2018, constant thereafter

Portfolio Content Category 3 (PCC3)
Renewable Electricitv Credits (RECs)

6.0 TWh in 2015 increasing to 8,4 TWh in
2026

Water-pumping loads associated with the
state water proiect

ValueAssumption

Fossil Fuels

Emission factors are from the EPA (2011), using Higher Heating Values. Refinery gas emissions

are calibrated to the CARB emissions inventory for 2OT4. Fossil fuel price forecasts are taken

from the EIA's Annual Energy Outlook (AEO) 2017 reference case, with alternative AEO cases

tested in PATHWAYS sensitivities that vary the diesel, gasoline, and natural gas prices together

for combined high and low fossil price scenarios (the high oil price scenario for liquid fuel
prices is combined with the low oil and gas resource and technology scenario for natural gas

prices, and vice versa). State and federal taxes are excluded. Henry Hub wholesale prices are

used for natural gas (with retail delivery costs calculated in the PATHWAYS pipeline gas

module), while transportation sector retail Pacific-region prices are used for gasoline, diesel,

and jet fuel.

Fossil Fuel Price Forecast
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Pipeline Gas

The pipeline gas revenue requirement and gas delivered rates are calculated by sector and gas

utility district. The scenario impact is primarily to increase retail gas rates as delivered gas

volumes fall given the need to recover capital costs. PATHWAYS does not model any costs or

savings associated with partial retirement of the gas distribution system. Gas revenue

requirement data are based on CPUC general rate case filings for investor-owned utilities from

2010.

Biomass and Biofuels
Biomass and biofuels assumptions and data sources are documented in Appendix C

Hydrogen Fuel

Hydrogen fuel is assumed to be produced predominantly by grid electrolysis by 2030 in
mitigation scenarios, in centralized production facilities that are flexibly dispatched with
hydrogen storage of up to one week. Costs of hydrogen storage infrastructure are not currently
modeled. Hydrogen is assumed to be delivered as liquid fuel for transportation, or a gaseous

fuel when blended into the gas distribution pipeline. Hydrogen compression costs are included,

but delivery costs from the site of production to site of consumption are not modeled. Costs

and performance assumptions for hydrogen production are based on the Department of Energy

H2A Analysis (2014), rwrryv.hvdroqen.enersy.sov 'h2a-analvsis.html (accessed 2014).

Assumptions for electrolysis production and liquefaction are detailed below.

*This corresponds to the levelized cost for a plant running at 100% load factor per kg of total

hydrogen production or liquefaction in a year, with an energy density of 0.120 GJ/kg. Thus,

$0.6S/kg-yr corresponds to $171l kW-yr.

Synthetic Methane

Synthetic methane assumes air- or sea-capture of COr, powered by grid electricity, that is

reduced to methane via electrolytically-produced hydrogen. Production is assumed to be

flexibly dispatched with gas storage of up to one year. Slmthetic methane is assumed to be

produced in a location that would enable direct blending into the natural gas distribution
pipeline. Synthetic methane blended into the gas pipeline may be used by all end-uses or

compressed into CNG for use in the transportation sector. Data are from Svenskt Gastekniskt

Center AB (2013): "Power-to-gas -- A Technical Review"

78% 81o/oEnergy efficiency

$0.65 $0.44
Levelized capital cost (2012$
/ kq-vr)*

50%
Load factor
(ratio of average load to peak
load)

25o/o

Production LiquefactionAssumption
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630/oEnergy efficiency

$7.60Levelized capital cost (2012$ / mmBTU-yr)*

$6.50Non-energy variable operating costs (2012$ /
mmBTU)

25%Load factor (ratio of average load to peak
load)

ValueAssumption

(http: 'wurw.sec.se 
''kfindenserfiles 'files'SGC284-ens.odf, accessed 2Ol7). Production

assumptions are detailed below.

"This corresponds to the levelized cost for a plant running at 100% load factor per mmBTU of

total slmthetic methane production in a year. Thus, $7.60/mmBTU-yr corresponds to $227kW-
yr.

Non-Combustion Greenhouse Gases
Emissions reductions and cost estimates are drawn from the California Air Resources Board

Short-Lived Climate Pollutant Strategy, with some additional assumptions and differences noted

below. Reference methane, COr, ffid NzO emissions are held constant from year 2Ol4 values

based on the CARB 2016 state emissions inventory. The Reference F-gas emissions are based on

the CaIGAPS modelll, calibrated to match the statewide total F-gas emissions in PATHWAYS

model year 2015 (18 MMT CO,e projecting from 2010-2013 using the CARB 2015 inventory) and

the CARB projected emissions in 2030 (28 MMT CO'e, based on correspondence with CARB

staff). All emissions use the IPCC Assessment Report 4 (2OO7) Global Warming Potentials with a

100-yr time horizon, as in the CARB emissions inventory. All costs below are in 2012$.

11 CNIB, 2013: "Methodology to [stimate GIIG lmissions from ODS Substitutcs"
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Data Sources and Assumptions

Categories of
non-energlF,
non-CO'
greenhouse
gases

Subsector GHG emissions data from CARB's emission inventory by IPCC

category:

o Agriculture: (IPCC Level I Agriculture)

o Cement: Clinker production

o Waste: (IPCC Level I Waste)

o Petroleum Refining: (IPCC Level I Energy/IPCC Level II Fugitive/Sector:
Petroleum Refining)

o Industrial: (IPCC Level I Industrial) minus Cement

o Oil & gas Extraction: (IPCC Level I Energy/IPCC Level II Fugitive/Sector:
OiI Extraction)

o Electricity Fugitive Emissions: (IPCC Level I Energy/PCC Level II
Fugitive/Sector: Anything related to electricity generation including
cHP)

r Pipeline Fugitive Emissions: (IPCC Level I EnergylPCC Level II
Fugitive/Sector: Pipelines Natural Gas)

o F-gases are captured in the "High GWP" emissions sector in CARB's
emissions inventory by Scoping Plan catesorv

$ 10/MTCO,e with a 9% reduction by 2030 from the Reference from fly ash

and other substitutes. Additional 11% reduction by 2050 assumed at the

same Drrce.

Cement
(clinker
production)

Waste

$0/MTCO,ewith a 14% reduction by 2030 from the Reference from organic

waste diversion. Based on estimates from the Short-Lived Climate Pollutant

Strategy and correspondence with California Air Resources Board staff.

This estimate excludes the cost of biogas production and any revenue from

electricity sales and LCFS credits. LCFS credits are not modeled in
PATHWAYS as these are assumed to be transfers within the state.

Additional 12% reduction from the Reference assumed by 2050.

$33/ MTCOze with a 45% reduction by 2030 from the Reference. Based on

estimates from the Short-Lived Climate Pollutant Strategy. Additional 35%

reduction from the Reference assumed by 2050 at the same price.

Petroleum
Refining
fugitive and
non-energy
emissions

Oil Exuaction
Fugitive
Emissions

$33l MTCOze with a 45% reduction by 2030 from the Reference. Based on

estimates from the Short-Lived Climate Pollutant Strategy. Additional 35%

reduction from the Reference assumed by 2050 at the same price.

\,irriirblt' l)t'st'ripl iou
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Electricity
Generation
Fugitive &
Process

$s0/MTcozewith a 40% reduction by 2030 from the Reference. Costs

represent placeholder values as better cost data are needed. Additional 40%

reduction from the Reference assumed by 2050 at the same price.

$33/ MTCOze with a 45% reduction by 2030 from the Reference. Based on

estimates from the Short-Lived Climate Pollutant Strategy. Additional 35%

reduction from the Reference assumed bv 2050 at the same price.

Pipeline
Fugitive

Agriculture:
Enteric
fermentation

$ 100/ MTCOze with a 16% reduction by 2030 from the Reference. Costs

represent placeholder values as better cost data are needed.

Agriculture
Soil

$100/ MTCOze with a Z2%redtction by 2030 from the Reference based on

estimates from C.S. Snyder, T.W. Bruulsema, T.L. Jensen and P.E. Fixen
(2009) Review of greenhouse gas emissions from crop production systems

and fertilizer management effects. Agriculture, Ecosystems and

Environment 133: 247-266. And George Silva (2011) SIow release nitrogen
fertilizers. Available online
http: ' 'msue.anr.msu.edu/news /slow-release-nitrogen-fertilizers [Accessed
November 6,2OI4l Additional 30% reduction assumed by 2050 at the same
price.

Agriculture:
Manure

$O/MTCO,e.Based on estimates from the Short-Lived Climate Pollutant
Strategy and correspondence with California Air Resources Board staff.
This estimate assumes that manure collection costs are borne by biogas
production and captured within the biofuels module in PATFIWAYS. LCFS

credits are not modeled in PATHWAYS as these are assumed to be transfers
within the state.

F-gases

$48lMTcozewith a 63% reduction by 2030 from the Reference due to
coolant switching and leak mitigation. Based on correspondence with
California Air Resources Board staff. This estimate excludes the costs and

savings associated with energy efficiency appliance purchases as these are

captured in the equipment stocks costs in the residential, commercial and

transportation sectors. Additional2T%reduction assumed by 2050 at the

same price associated with full compliance with the Kigali agreement.

Land use/
land chanse

Assumed to result in net-zero carbon dioxide emissions

\ lt'iitltlt' l)r'st'r'ilrliotr
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PATHWAYS Biofuels Overview

The PATHWAYS biofuel module calculates the energy supply, delivered costs, and emissions

from the production of biomass-based liquid and gaseous energy products. These biofuels are

used as alternatives to fossil fuels.

In previous versions of the PATHWAYS model, including PATHWAYS 2.2, users selected

biomass resources and allocated them to specific conversion pathways (e.g., gasification) and

final fuel types (e.g., pipeline gas)by feedstock conversion category (e.g., woody cellulosic

feedstocks). Specifying these inputs was challenging, as the task required considerable

knowledge about the tradeoffs associated with each choice. At the same time, this approach

could easily result in suboptimal, overly expensive biofuel portfolios. This approach precluded

a selected biofuel pathway from changing over time, and it limited biofuel portfolio diversity by

allowing only one conversion pathway and final fuel type for all biomass within each

conversion category. To the extent that market conditions will determine dominant conversion

pathways, it seems likely that these optimal conversion pathways will be diverse and will
change over time.

PATHWAYS 2.5 addresses these issues by endogenously selecting optimal biofuel portfolios.

PATHWAYS creates optimized least-cost biofuel portfolios given user inputs on California's

ability to access national biomass feedstocks and carbon costs. Users may also identify desired

biofuel penetration and optimization settings.

The remainder of this Appendix is organized as follows: Part 1 provides a detailed overview of

the new biofuel logic, and Part 2 demonstrates functionality and potential use cases through

illustrative modeling results. The glossary at the end of this section contains definitions of key

terminology.
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Part 1: Technical Documentation

Module Structure
The new biofuel cost minimization method optimally selects a least-cost portfolio of biomass

feedstocks and biofuel conversion pathways through either of two modes: 1) meeting user-

defined biofuel penetration targets (e.g., 80% renewable diesel by 2050); or 2) comparing biofuel
costs to the costs of their fossil fuel counterparts to determine the overall least-cost portfolio.

Under both modes, users may specify a carbon cost and an emission accounting method for
PATHWAYS to consider in cost comparisons. Biofuel portfolios are subject to U.S. biomass

feedstock availability and California's access to this national feedstock. These feedstock

availability assumptions come from the 2011 Billion-Ton Update (BTS2011) (DOE 2011) and

user inputs on California access to national supply. PATIIWAYS uses the resulting optimal
biofuel portfolios and associated costs in liquid and gaseous fuel supply, cost, and emission

calculations.

Figure C-1 illustrates the key inputs, outputs, and logic flow of the Cost Minimization biofuel
module.
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Figure C-29: Cost Minimization Biofuel Module Flow Chart
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PATHWAYS combines user inputs about biofuel demand, biomass supply, and biofuel selection
priorities with embedded model assumptions to calculate California biomass supply curves and

biofuel demand by final fuel. The model adds preparation, process, transportation, and delivery
costs to BTS2011 feedstock cost curves to achieve supply curves by feedstock and conversion
pathway. To obtain biofuel demand, PATHWAYS applies the percentage biofuel penetration

targets to aggregate calculated final energy demand.
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The model uses these supply curves and carbon costs to find optimal biofuel portfolios by key

analysis year (2015, 2020, 2030,4050, and 2050). The model has two modes for achieving this,

which can be selected by the user. In one mode, the model picks the least-cost portfolio that

achieves the biofuel demand, minimizing the total resource cost including any external

incentives. The biofuel demands here are driven by scenario assumptions. In the other mode,

unlimited biofuel demands may be requested, but the model restricts the optimization to only

select feedstocks and conversion pathways that are cost-effective relative to the fossil fuel

alternative, given the carbon price and other incentives. This second mode can be used to

determine the optimal final fuel portfolio, as well as the optimal feedstocks and conversion
pathways to meet that portfolio. Typically, this is used to establish the balance between liquid

fuels and biomethane that achieves the most cost-effective COz abatement for a given biomass

supply. A pre-screening of the cheapest pathway (per energy unit) by feedstock and biofuel

speeds up the optimization.

The biofuel module produces annual biofuel energy supply and costs by final fuel. By default,

PATHWAYS calculates delivered biofuel costs on a marginal basis to simulate market-driven
pricing, although users have the option to choose cost-based (average cost) pricing. Other

model results include total biomass bone dry tons used by year and the percent of this selected

biomass that is located within California.

The following sections describe the inputs, assumptions, and model logic in more detail. The

model details are divided into five sections: Input Data, User-defined Scenario Inputs, Biofuel

Energy Demand Targets, Biofuel Portfolio Selection, and Outputs.

Input Data

Biomass Feedstock Supply

Biomass supply curves (i.e. estimates of biomass resource supply potential by price) come from

BTS2011 and the Final Draft Report on The Feasibility of Renewable Natural Gas as a Large'

Scale, Low Carbon Substitute (Jaffe et al. 2016). The BTS2011 focuses on primary sources,

although it also provides estimates for secondary residue and tertiary waste. A review of the

Iiterature found that the BTS2011 appears to underestimate biomethane feedstocks in
California. As a result, the team supplemented the BTS201l data with more extensive estimates

of California landfill gas, manure, and municipal solid waste biomass using supply curves

produced by Jaffe et al. (2016).

The BTS2011 estimates continental U.S. biomass resource potential based on current and future

inventory, production capacity, availability, technology, and sustainability. Resource supply and

price estimates vary by U.S. county and feedstock type. The BTS2011 groups resources into
price bins of size $10 per bone dry ton (BDT) from $0-10/BDT through $90-100/BDT with an

additional $100-1,000/BDT price bin. PATHWAYS aggregates these data by state for cost

calculations.
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The BTS2011 biomass supply curves are augmented with California landfill gas, manure, and municipal
solid waste data from Jaffe et al. (2016). Additional quantities were added at a fixed all-in cost to the

BTS201l estimates from Fig. 30 in Jaffe et al. (2016)

Additional conversion efficiency and cost assumptions are required for the BTS2011 biomass

supply curves to yield all-in costs, described below

For simplification, PATHWAYS groups feedstocks into five conversion categories: cellulosic,

woody cellulosic, lipid, manure, Iandfill gas, and starch. These categories share key

characteristics that impact conversion processes and costs. Table 2 displays the categorization

by feedstock.

Table C-9: California Biomethane Feedstocks from Jaffe et al. (2016)

$r043Landfill gas

$4711Manure

$1916Municipal solid waste
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CellulosicCotton gin trash

CellulosicCotton residue

CellulosicRice hulls

CellulosicRice straw

CellulosicSugarcane trash

Wheat dust Cellulosic

CellulosicBarley straw

CellulosicCorn stover

Oat straw Cellulosic

CellulosicSorghum stubble

CellulosicWheat straw

CellulosicAnnual energy crop*

CellulosicPerennial grasses*

Woody CellulosicOrchard and vineyard prunings

Woody CellulosicMill residue, unused secondary

Woody CellulosicMill residue, unused primary

Woody CellulosicUrban wood waste, construction and demolition

Woody CellulosicUrban wood waste, municipal solid waste

Woody CellulosicComposite

Woody CellulosicOther removal residue

Woody CellulosicConventional wood

Woody CellulosicTreatment thinnings, other forest lands

Woody CellulosicCoppice and non-coppice woody crops*

Fuelwood Woody Cellulosic

Woody CellulosicMill residue

Woody CellulosicPulping liquors
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Soy oil lipids Lipid

Waste oil lipids Lipid

Manure Manure

Landfill gas Landfill Gas

Municipal solid waste Cellulosic

Corn (for ethanol) Starch

oThese categories represent purpose-grown crops, which can be excluded from scenarios

according to user input.

Biofuel Cost and Selection Drivers

Overview

The cost minimization biofuels module calculates two distinct sets of costs for each of two

purposes: 1) selecting optimal biofuel portfolios; and 2) calculating total California resource

costs. While the cost calculations are similar, it may be appropriate for the costs to differ by

purpose. For example, users may want to represent a policy, such as the Low Carbon Fuel

Standard, that imposes carbon intensity-driven incentives and penalties to favor fuels with
greater carbon benefits. The biofuel portfolio selection should consider these carbon intensity-

driven incentives and penalties, but these costs should not be included in the total California

resource costs, as they reflect transfer payments within the state.

For both purposes, biofuel cost calculations incorporate numerous cost components. Figure C-2

summarizes the biofuel supply chain, as conceptualized in PATHWAYS analysis. Each step

requires associated costs, many of which are included in PATHWAYS' biofuel cost accounting.

Note that biomass is diverse and biofuel production is nascent, so actual biofuel supply chains

may combine or eliminate some of these steps.
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Figure C-30: Biofuel Supply Ghain
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Table C-3 summarizes the cost components and costing methods included in each of the two

cost calculation types.

BIOFUEL

c-9



Table C-l1: Biofuel Cost Components and Costing Methods by Cost Purpose

The remainder of this subsection describes each of these cost components and costing

methods in more detail.

Feedstock Costs

Feedstock costs come directly from the BTS2011, which characterizes them as farmgate or

roadside costs. These costs reflect all costs associated with feedstock acquisition, access,

collection, and transport to the field edge or forest roadside. The BTS201l includes supply

curves of feedstock costs by feedstock type and county. See the Biomass Supply section for
more detail.

Feedstock Preparation and Transport Costs

This cost category captures the costs of collecting and transporting biomass from the farmgate

or roadside to biofuel production facilities. These costs come from the ARB's Biofuel Supply

Module 0.91 (BFSM 0.91) (ARB 2OI7). The BFSM 0.91 uses the following regression model, which

is bascd on preliminary findings of the 2016 Billion Ton Report (BTS2016) (DOE 2016).

w Feedstock Costs

s.e Feedstock Preparation and

Transport Costs

Biofuel Process Costs

m
Refineries

Costs of Biofuel
Transportation to California

*th Costs of Final Fuel DeliverY

to Suppliers

XIncentives/Penalties based on Fuel

Carbon Intensity

User InputBottom-upBottom-up (average) vs. market-based
(marginal) costing method
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Equation 1

Where

Ffp=a*hPfp*FzWf

Frp

Pfo

w

q

q

B

Feedstock preparation and transport costs in $/ton by feedstock type fand
price bin p

Resource price, estimated as the maximum price contained in the price bin

Boolean variable set to one for woody cellulosic feedstocks and to zero for all

other feedstocks

Constant term of estimated value -14

Coefficient of estimated value 1.19

Coefficient of estimated value -I2.47

Biofuel Process Costs and Efficiencies

Biofuel production process costs reflect the costs of producing biofuels from biomass at

biofuel production facilities. Biofuel production processes include pyrolysis, hydrolysis,

anaerobic digestion, gasification, and fatty acid methyl esterification (FAME). Biofuel process

efficiencies represent primary bioenergy losses associated with these processes.

Table C-4 and Table C-5 display the process cost and efficiency assumptions in PATHWAYS,

expressed per bone dry ton of biomass. Biofuel process costs vary by conversion category.

Process efficiencies vary by feedstock.

These process costs and efficiencies are harmonized with those assumed for the California Air
Resources Board Scoping PIan analysis and do not assume any innovation or improvement in

conversion over time. Cellulosic feedstock is only assumed to be available for conversion to

liquid fuels, while woody and other feedstocks can be converted to liquid fuels or biomethane.
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Table C-l2: Process Costs by Convercion Category

$ 14sRenewable

DieseI

Renewable

Gasoline

$ 14s

Renewable Jet
Fuel

$ 14s

Fyrolysis
(thermochemical)

Renewable

Ethanol
$ 128

Cellulosic

Hydrolysis
(hydrotreating)

$ 162Renewable

DieseI

$ r62Renewable

Gasoline

Renewable Jet
FueI

$ 162

Pyrolysis
(thermochemical)

Renewable

Ethanol
$ r28Hydrolysis

(hydrotreating)

$ 143Gasification Biomethane

Woody

Cellulosic

$ 314Hydrolysis
(hydrotreating)

Renewable

Diesel

Biodiesel $34s

Lipid

FAME

Biomethane $ 168Manure Anaerobic Digestion

$266'Anaerobic Digestion BiomethaneLandfill
Gas

$70Gasification BiomethaneMunicipal
Solid Waste

Conventional
Ethanol

$22Starch Fermentation

tDollars per ton of raw gas

c-12



Sources: ARB BFSM (CARB 2OL7); Black and Veatch analysis for E3 (20t6)tz' Nathan Parker

analysis for E3 (2OI2)

12lnputs aligned with other PATHWAYS assumptions. Assumes gas upgradlng equlpment to

meet SuCaIGas Rule 30 specification. Assumes -92% moisture content in the manure feedstock.
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35-46Renewable

Diesel

35-46Renewable

Gasoline

Renewable Jet
Fuel

35-46

Pyrolysis
(thermochemical)

Renewable

Ethanol
34-s6

Cellulosic

Hydrolysis
(hydrotreating)

35-47Renewable

Diesel

35-47Renewable

Gasoline

Renewable Jet
Fuel

3s-47

Pyrolysis
(thermochemical)

Renewable

Ethanol

50-53Hydrolysis
(hydrotreating)

75-101Gasification Biomethane

Woody

Cellulosic

285Hydrolysis
(hydrotreating)

Renewable

Diesel

Biodiesel 283

Lipid

FAME

Biomethane 54Manure Anaerobic
Digestion

323'Anaerobic
Digestion

BiomethaneLandfill
Gas

26Gasification BiomethaneMunicipal
Solid Waste

Cunventional
Ethanol

09Starch Feunental.iul

Table C-13: Process Efficiencies
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rVaries by feedstock type; GGE is in LHV in this table (115 MJIGGE). Elsewhere in this document

and in PATHWAYS HHV is used.

'zGGE per ton of raw gas

Same sources as for process conversion costs.

Biofuel Transportation to California Refineries

Because biofuels are often cheaper to transport than biomass, biofuel refining may occur in

Iocations relatively close to biomass production sites and relatively far from California biofuel

demand. Biofuel transportation costs reflect the costs to transport finished biofuel from biofuel

refineries to California refineries, where fuel blending occurs'

Biofuel transportation cost calculations mirror those of the BFSM 0.91, which uses a constant

cost of $0.0083 per ton-mile. This cost comes from a 2009 National Academies Press (NAP)

study and reflects gasoline transport costs. The transportation distances come from Google

Maps and denote centroid distances between U.S. states.
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AK 3L79

AL 2L66

1805AR

AZ 737

CA t

1119co

CT 2993

DE 2848

2706FL

GA 2454

HI 2467

1848IA

ID 908

IL 2085

223LIN

KS 1539

KY 23TL

1905LA

MA 3097

MD 2782

3243ME

MI 2406

MN 1993

1845MO

Table 14: Distances for Transportation to California Refineries

MT 1258

NC 26sO

ND L7L7

1459NE

NH 3083

NJ 2888

NM 992

NV 543

NY 29L5

OH 2390

OK 1504

OR 667

PA 2735

RI 3080

sc 2503

SD 1643

TN 2L6t

TX 1408

UT 794

VA 2648

VT 3082

WA 2794

WI 2I78

WV 2548

WY 1156MS 2010
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Source: ARB Biofuel Supply Module: Technical Documentation for Version 0.91 Beta. Released

January 19,2017.

Fuel Delivery Costs

PATHWAYS captures the costs to transport final (blended) fuels to suppliers, such as gasoline

fueling stations, within and outside of the biofuel module. The biofuels module includes per-

unit delivery costs for liquid biofuel. Fossil fuel price forecasts contain embedded per-unit fuel

delivery costs. A pipeline gas revenue requirement model determines pipeline gas delivery

costs.

Liquid biofuel delivery costs come from U.S. Energy Information Administration (EIA) data.

PATHWAYS uses the difference between wholesale and end use fuel prices, excluding tixes, as

delivery cost estimates for each of gasoline and diesel. The estimates are $O.32/gallon for
gasoline and $O.48lgallon for diesel.

Carbon Intensities

PATHWAYS may use two types of biofuel-related carbon emission accounting: net lifecycle

emission accounting and ARB Emission Inventory accounting. Users define which of these two

accounting methods to use for biofuel portfolio selection logic. PATHWAYS always adopts ARB

Emission Inventory accounting for scenario emission calculations.

The lifecycle carbon intensities come from the ARB CA-GREET 2.0 and BFSM 0.91 models. The

values typically include emissions associated with feedstock collection and extraction, biofuel
processing, and transport. When estimates exist, the carbon intensities also encompass

emissions from make-up nutrient application and land use change. Net lifecycle carbon

intensities equal biofuel lifecycle carbon intensities (Table C-7) less conventional fuel carbon

intensities (Table C-B).

Under ARB Emission Inventory accounting, biofuels are zero-emission resources. Hence, net

emission reductions exclusively depend on ARB Emission Inventory fossil fuel emission factors,

which are shown in Table C-8.

Table C-l5: Biofuel Lifecycle Carbon lntensities

Pyrolysis &
Hydrolysis: 0

Cotton gin fiash, rice hulls,
and annual energy crop

fyrolysis: 25

Hydrolysis: 24

Cotton residue

Pyrolysis: 26

Hydrolysis: 19

Rice straw
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Sugarcane trash Pyrolysis: 18

Hydrolysis: 12

Barley straw Pyrolysis: 25

Hydrolysis: 20

Corn stover Pyrolysis: 2B

Hydrolysis: 22

Oat silaw and sorghum
stubble

Pyrolysis: 23

Hydrolysis: 1B

Wheat straw Pyrolysis: 24

Hydrolysis: 20

Annual energy crops Pyrolysis &
Hydrolysis: 0

Perennial grasses Pyrolysis: 3B

Hydrolysis: 32

Orchard and vineyard
prunings, urban wood
waste, treatment thinnings,
composite, other forest
lands, and other removal
residue

Pyrolysis: 36

Hydrolysis: -2

Gasification: 25

Mill residue, unused Pyrolysis: 33

Hydrolysis: -4

Gasification: 24

Conventional wood,

fuelwood, mill residue, and
pulping liquors

Pyrolysis &

Hydrolysis: 0

Gasification: 25

Coppice and non-coppice

woody crops

Pyrolysis: 24

Hydrolysis: 19

Soy oil lipids Hydrolysis & FAME: 50

Waste oil lipids Hydrolysis & FAME: 30
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Manure AD: -273

Landfill gas AD:31

Municipal solid waste Gasification: -23

Corn (for ethanol) Fermentation: 70

Source:ARB BFSM 0.91 and ARB CA-GREET 2.0

Table C-l6: Conventional Fuel Carbon lntensities

User-defined Scenario Inputs
Users may define the following inputs:

Biofuel Penetration Targets

This input defines target shares of final fuel demand to be supplied by biofuels. Users may

enter measures to set target percentage biofuel penetration ratios for each final fuel and end

use sector. The following five inputs define each measure:

. Fuel: Applicable end use fuel type to which biofuels will be directed (pipeline gas, diesel,
gasoline, or kerosene for jet fuel).

o Applicable Sector(s): End use sector destination(s) to which biofuels will be directed
(transportation, buildings, industry, oil and gas extraction, refining, agriculture, or TCU).

PATHWAYS attributes all measure-related costs and emission impacts to selected
sectors pro rata.

. Measure Start Year: The year the measure begins. This is the first year in which a

portion of the specified biofuels get introduced. PATHWAYS restricts selections to the
five key analysis years (i.e. 2015,2020, 2030, 2040, and 2050).

. Measure Saturation Year: The earliest year in which the specified biofuel penetration
ratio could be reached. Absent additional measures, this target ratio will remain
constant through the end of the analysis period.

13 From the ARB BFSM 0.91, except for jet fuel, where the same value as diesel is assumed.

tr http://www.epa.gov/climateleadershin/documents/emission-factors.pdf
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a Saturation Ratio: The target ratio of biofuel energy to final fuel energy demand at the

saturation year. Note that pipeline gas saturation ratios apply only to natural gas

demand (i.e. total pipeline gas demand less hydrogen and other power-to-gas supply, if
applicable). A gasoline biofuel target ratio should include conventional ethanol, if
applicable. Conventional ethanol (e.g. ethanol produced with starch) penetrations can be

specified explicitly in the separate Conventional Ethanol Share input.

For each measure, the model calculates a target penetration trajectory by linearly interpolating

the target penetration ratios between the start year and the saturation year. The target measure

penetration reaches the saturation ratio in the saturation year. Absent other measures, the

target penetration ratio stays at that level for the remainder of the analysis period.

Users may specify up to 20 biofuel measures. These measures are additive. Cumulative target

biofuel penetrations are limited to 100% by biofuel and end use sector.

These target biofuel ratios provide an upper bound for achieved biofuel penetrations. Achieved

biofuel penetrations may be further limited by feedstock availability or, in some cases, cost-

effectiveness.

CA Access to U.S. Biomass Supply:

Users define the portion of national biomass feedstock made available for California biofuel
production. Users may select one of the following five methods by which to allocate national

biomass feedstock to California:

. In-state Biomass: This option restricts California's biomass use to feedstocks located

within the state. This scenario assumes no biomass imports or exports.
. Population-weighted Share: This option allows California to use biomass from across

the country, but it restricts the state's biomass use to California's share of the 2013 U.S.

population. This results in California receiving access to about I2oA of each type of
biomass feedstock at each price point in each U.S. state

o User Input: This option provides users with the flexibility to explicitly specify biomass
feedstock available to California as a percentage of total U.S. feedstock. Users must
specify these percentages by key analysis year (i.e. 2015,2020, 2030, 2040, and 2050),

location (i.e. in-state vs. out-of-state), and conversion category (i.e. cellulosic, woody
cellulosic,lipid, manure, landfill gas, municipal solid waste, and starch). The
percentages apply to biomass supply pro rata across states. For example, a user could
specify that California has access to 100% of in-state manure and 10% of out-of-state
cellulose in 2030. Under this specification, California would receive access to l0% of
each type of cellulosic feedstock at each price point in each of the other U.S. states.

In addition, users may select one or more feedstock types from Table 2 to exclude from
availability: for instance, purpose-grown crops have particular concerns about sustainability

associated with indirect land use GHG emissions and effects on food prices, so these are

excluded from most of the mitigation scenarios described in the main body of this report.
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Carbon Cost and Emission Accounting for Biofuel Selection

Users may choose to include carbon-intensity driven incentives and penalties in the costs used

for least-cost biofuel portfolio selection. These incentives and penalties represent monetary

transfers (e.g., government tariff or tax) between parties within California to encourage

consideration of emission impacts in biofuel supply decisions.

Users specify two inputs related to emission accounting:

. Carbon Cost: Cost of carbon emissions in dollars per metric ton of carbon. Users specify
a cost for each key analysis year.

e Emission Accounting Method for Biofuel Selection: This user input determines
whether to apply the carbon costs to: 1) net lifecycle carbon intensity estimates, or 2)

net ARB Emission Inventory accounting carbon intensity estimates. ARB Emission
Inventory accounting captures anthropogenic GHG emissions within California and
treats all biofuels as zero-emission resources.

Based on these two inputs, PATHWAYS calculates a $/GJ net incentive for each combination of
feedstock type, biofuel, and conversion pathway. This net incentive informs the optimal
selection of biomass and biofuels. Equation 2 illustrates the calculation method, which is based

on: the user-input carbon price trajectory, an estimate of the applicable biofuel carbon

intensity, and a carbon intensity estimate for the replaced fossil fuel. The Enissron Accounting

Method for Biofuel Selection input determines whether these carbon intensities reflect lifecycle

emissions or ARB Emission Inventory accounting.

Equation 2

NCIpny - CCy x (CI\ - CIpo)

Where

CC"

NClr.lv

CIFr

CIFr"u

Net carbon intensity-driven incentive ($/G) for biofuel type f produced using

conversion pathway c and biomass feedstock type b in key analysis year y

User-input carbon cost ($/metric ton) of carbon emissions in key analysis year

v

Carbon intensity (tons/GJ) of the fossil fuel counterpart of biofuel type f
Carbon intensity (tons/GJ) of biofuel type f produced using conversion
pathway c and biomass feedstock type b

Carbon intensity-driven incentives only impact biofuel portfolio selection. The final PATHWAYS

cost results do not reflect these carbon costs, as we assume carbon-related monetary transfers

remain within the state. Thc PATIIWAYS cmission rcsults cxclusivcly usc ARB invcntory
emission accounting.
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OnIy Select cost-effective Biofuels:

The checkbox determines which of the two available modes to use for running the cost-

minimization biofuel module :

a Default Mode: Under the default (unchecked) mode, PATFIWAYS selects the least-cost
portfolio of biomass and conversion pathways that meet the biofuel targets. PATHWAYS

considers carbon costs when selecting between feedstocks and conversion pathways. If
the available biomass feedstock supply is insufficient to meet target biofuel energy
demand, PATHWAYS prioritizes maximizing biofuel energy production over minimizing
costs. In this situation, the model produces a warning to ensure that users are aware of
this prioritization.
Only Select Cost-effective Biofuels Mode: When the OnIy Select Cost-effecttve Biofuels
input is checked, PATHWAYS only selects biomass feedstocks and conversion pathways

that are cost-effective at the given carbon price. The model minimizes net fuel costs
given that total selected biofuel energy supply can be no greater than the biofuel
penetration targets.

a

Biofuel Costing Method

Users can choose one of two methods for calculating total California biofuel resource costs:

market-based (marginal) accounting or cost-based (average) accounting.

The market-based cost accounting method is the default method. Under this method, the cost

of biofuels is based on a single market clearing price for each fuel, while the model minimizes

the average total cost of the biofuels, excluding producer rents. The market clearing price

equals the all-in cost of the marginal unit of biofuel. PATHWAYS calculates one biofuel market

clearing price by key analysis year and final fuel. Equation 3 displays this calculation.

The cost-based accounting method produces a bottom-up calculation of all-in biofuel costs for
each unit of biofuel and key analysis year. The all-in costs include all of the cost components

outlined in Table 3, as applicable. Hence, under this method, PATHWAYS effectively calculates

the integral of the selected biofuel supply curve. Dividing by the total quantity of biofuel
produces the average biofuel cost by year and final fuel type (i.e. pipeline gas, diesel, gasoline,

conventional ethanol, and kerosene), as demonstrated in Equation 4.
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Equation 3

Equation 4

Where

BMCrv = Y,fic,nprv

^, ^ ZrZrlpltCcbptfy x Bcbptyy
DALyv=W

BACry

Bcbplfv

Average delivered bioenergy costs ($/GJ) for final fuel fin key analysis year y

Quantity (G) of final fuel fin key analysis year y produced using conversion
pathway c and biomass feedstock type b at price point p from location I

All-in cost ($/GJ) of final fuel f in key analysis year y produced using

conversion pathway c and biomass feedstock tlpe b at price point p from
location I

Marginal delivered bioenergy costs ($/GJ) for final fuel f in key analysis year y

Ccbplfy

BMCfy

Under both methods, PATHWAYS linearly interpolates costs between key analysis years to

obtain annual costs.

Note that cost accounting for selecting optimal biofuel portfolios exclusively uses the bottom-

up (average) accounting method, as described in the Biofuel Portfolio Selection section.

Biofuel Energy Demand Targets
As described above, PATHWAYS uses the Biofuel Penetration Targets and Conventional Ethanol

Share inputs to define trajectories of biofuel demand as a percentage of final fuel demand by

end use sector. PATHWAYS defines an aggregate trajectory for each of the following final fuels
pipeline gas, diesel, gasoline, conventional ethanol, and jet fuel. Table C-9 shows the mapping

of biofuels to each of these fuel categories.
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Table C-l7: Fuel Category Definitions

As previously described, PATFIWAYS calculates total fuel demand by sector. The biofuels

module applies the biofuel penetration trajectories to these total fuel demands to obtain
absolute biofuel energy demand by fuel category and end use sector.

Due to constraints on biomass supply and costs, these biofuel demands may not be met in a
given scenario. If conventional ethanol demand exceeds the attainable conventional ethanol

supply, the remaining demand is met with renewable ethanol or renewable gasoline. For all

other final fuels, conventional fuels replace any demand that cannot be met with biofuels. The

Biofuel Portfolio Selection section discusses these mechanics further.

Biofuel Portfolio Selection
Given the bioinass supply curves, biofuel demand, and lifecycle carbon costs, PATHWAYS

determines the least-cost biofuel portfolios via a two-step approach. The model first reduces

the dimensionality of the problem by performing a pre-optimization screen. It then uses a

linear optimization model to determine the least-cost viable portfolio of biomass and biofuels

for each of the five key analysis years.

PATHWAYS selects biofuel portfolios that minimize aggregate biofuel costs. For the purpose of
biofuel portfolio selection, biofuel costs include all cost components in the righthand column

of Table 3. As shown in the table, these costs may include carbon intensity-driven incentives

and penalties. The model uses the cost-based (average) accounting approach for biofuel
selection. The resulting portfolio may not minimize market-based (marginal) costs. Hence, the

portfolios may not minimize total scenario costs if users select market-based scenario cost

accounting.

Step 1: Fre-optimization Screening

The pre-optimization screening compares the $/GJ costs of competing conversion pathways for
each potential combination of feedstock type and final fuel. For each feedstock and final fuel,

PATI{WAYS removes all but the lowest cost conversion pathway. For example, suppose a lipid
biornass feedstock could produce a gigajoule of biodiesel or a gigajoule of renewable diesel,
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both of which would replace a gigajoule of conventional diesel. The model would compare the

$/GJ costs of using FAME to create biodiesel to the costs of using hydrolysis to create

renewable diesel lt would then pass only the cheaper option for consideration in the biofuel
portfolio optimization.

This pre-optimization screening uses the costs for optimal biofuel portfolio selection, which

include any carbon-intensity driven incentives and penalties. The screening occurs by key

analysis year, as costs and efficiencies may change throughout the analysis period.

Step 2: Portfolio Optimization
After determining the cheapest conversion pathway by feedstock, final biofuel, and key analysis

year, PATHWAYS compares costs across feedstocks and biofuels using a linear optimization.
The model makes selection decisions for each feedstock type at each price point. The objective

functions and constraints vary by mode.

Under the Default mode, the model uses bottom-up cost calculations to select the biomass-

biofuel portfolio that minimizes aggregate costs, which includes feedstock, delivery, process,

transportation, and carbon costs.15 Equation 5 presents the optimization specification under

the Default mode. The biomass in the selected portfolio must adhere to California feedstock

availability constraints (constraint #1). The target biofuel demand ratios act as soft constraints

that are binding unless the feedstock availability constraints prevent them from being

attainable (constraint #2). Under this set up, the model would select a higher-cost biofuel
portfolio that meets the biofuel penetration targets over a lower-cost biofuel portfolio that does

not meet these targets. The model will provide a warning if there are no feasible biofuel
portfolios that meet the biofuel penetration targets. Constraint #3 ensures that the model only

selects viable feedstock type, conversion pathway, and final fuel combinations.

Under the Only Select Cost-effective Biofuels mode, the model minimizes aggregate costs across

all biofuels and their conventional fuel counterparts. Equation 6 displays the optimization
specification under this mode. As in Equation 5, California feedstock availability constrains the

biomass selection (constraint #1), and the model may only select viable feedstock type,

conversion pathway, and final fuel combinations (constraint #3). However, the target biofuel
demand ratios simply provide an upper bound on biofuel selection (consftaint #2). Subject to

these constraints, the model selects all biofuels that are cheaper than their conventional fuel

counterparts at the given carbon price.

Equation 5

Mininimize f t t t Bbsupplypery x (BioPriceyapry - ConvFuelPriceln + NCIloy)
4i 4b-pHa

* SlackConvSqplyry x Penalty

ts Note that cost mrnimization of bottom-up calculated costs may produce a dlfferent result

than cost rnininrization of rnarginal, or market-based, costs.
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s, t. (1) Ll FeedstockUselopty < CABioAcc€ss1pry

(2)t t t I nnsupplyafpty *slackConvswptyry = BioDemandl,
Ltf 4b4pul

(3) F e e dstockU se ppry 3 C AB ioAcc € s s 6.p1y x V table P athway p

Equation 5

Where

Mininimize t t t t BioSupplyppryx (BioPricelapry- ConvFuelPrtcelrtNClloy)
L)i L.bLtpua

s. t. (L) l,y FeedstockUse1opry < CABioAcc€ss6pry

(z)t t t I nnsrrppllaypry<BioDemandl,
4-t 1 Lt6 /-tp I-t1

(3) F e edstockU se ppty < C AB ioAcce s s 6.p1y x V iable P athw ay p

BioSupplynory

BioPriceruorv

ConvFuelPricer"

NClruy

SlackConvSupply

Penalty

FeedstockUs€nprv

CABioAccesssoy

BioDemandr,

ViablePathwaym

Selected biofuel energy (GJ) for final fuel fproduced from biomass

feedstock tpe b at price point p from location I in key analysis year y

All-in cost ($/GJ) of final fuel f in key analysis year yproduced using the

screened-in conversion pathway from biomass feedstock type b at price
point p from location I

All-in cost ($/GJ) of conventional fuel used for final fuel fin key
analysis yeat y

Net carbon intensity-driven incentive ($/G) for biofuel type f produced

using the screened-in conversion pathway from biomass feedstock type

b in key analysis year y

r, Decision variable representing conventional fuel demand used to meet

biofuel demand for final fuel f in key analysis year y

Large penalty for failing to meet biofuel demand

Decision variable representing selected biomass feedstock of type b at
price point p from location I used to produce final fuel f in key analysis
year y

California access to biomass feedstock of type b at price point p from
location I in key analysis year y

Biofuel demand (G) by final fuel f in key analysis yeat y

Boolean variable set to one if there is a viable conversion pathway

between biomass feedstock type b and final fuel f
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Outputs
PATHWAYS uses the optimized biofuel portfolio to inform liquid and gaseous blended fuel
prices and emission intensities. The biofuels module calculates annual biofuel energy supply by

sector and final fuel. The module achieves these annual estimates by linearly interpolating
biofuel supply between the five key analysis years. The module may adjust these trajectories to

ensure that the supply never exceeds the biofuel penetration targets. PATHWAYS also linearly
interpolates biofuel prices between key analysis years, as discussed previously.

PATFIWAYS combines these annual biofuel supply trajectories with hydrogen and power to gas

supply trajectories to calculate annual fuel compositions of liquid and gaseous end use fuels
(i.e. pipeline gas, diesel, gasoline, or kerosene for jet fuel). The model uses these fuel
compositions along with the biofuel, fossil fuel, and other fuel price trajectories to calculate

weighted average annual prices by end use fuel. Similarly, the model calculates annual weighted

average carbon emission intensities by end use fuel based on annual fuel composition and

emission intensity trajectories.

The model also provides users with biofuel-specific diagnostic outputs. Users can explore the

total biomass quantity used, the portion of this biomass coming from outside of California, and

the resulting biofuel penetrations in liquid and gaseous fuels.
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Glossary
Biofuels: Biomass-derived liquid and gaseous fuels, including biomethane, renewable
gasoline, renewable ethanol, conventional ethanol, renewable diesel, biodiesel, and
renewable jet fuel.
Conversion categories: Each biomass feedstock can be classified into one of the
following conversion categories: cellulosic, woody cellulosic, lipid, manure, landfill gas,

municipal solid waste, and starch. Feedstocks within each conversion category share key
biofuel-related properties, including viable biofuel conversion pathways and costs.

Conversion pathways: Processes for converting biomass into biofuel. PATFIWAYS uses

the following conversion pathways: anaerobic digestion, gasification, pyrolysis,
hydrolysis, fermentation, and FAME. For conversions that require multiple conversion
steps, PATHWAYS selects one primary process name to represent the entire conversion
process (e.g., starch requires hydrolysis and fermentation for ethanol production, so

this document refers to the combined process as "fermentation").
Final fuel tylres: Fuels delivered to end users. These may contain a blend of biofuels
and conventional fossil-derived fuels. Final fuels include pipeline gas, gasoline, diesel,

and kerosene for jet fuel. In some instances, PATHWAYS also considers conventional
ethanol separately from other gasoline fuels.
Key analysis years: The five years in which PATHWAYS performs biofuel portfolio
optimization: 2 0 I 5, 2020, 2030, 2O4O, and 20 50.

a

a
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September 19,2019

California Energy Commission

California Public Utilities Commission,

California Air Resources Board

Re: SB 100 Joint Agency Report: Charting a Path to a 100% Clean Energy Future. Docket No. 19-SB-100

Dear Chair Hochschild, Chair Nichols and Commissioner Randolph:

Thank you for the opportunity to comment on the September sth, 2019 Joint Agency Workshop on the

above-referenced Senate Bill 100 Report.

SB 100 is a pace-setting, model piece of legislation that embodies a critical principle for deep

decarbonization of power grids: technology-inclusiveness and creating more options. By allowing for and

enabling a variety of zero carbon technologies to meet power supply beyond the requirement of 60%

renewable energy, SB 100 reflects best practice thinking from the analytic community on an affordable

zero carbon energy transition. The technology-inclusive SB 100 approach has been copied by five other

states - Washington State, New Mexico, Nevada, New York, Colorado - and is being considered in

several others.

The central theme of our comments is that the joint agency report on implementing SB 100 should remain

firmly rooted in the principle of technology-inclusiveness and optionality, and explore ways to make

diverse options real in the mid-century time frame and after.

1. The SB 100 report should remain rooted in the key principles of technology inclusiveness and

optionality

a. Diversity and optionality increases affordability

The importance of technology inclusivity and optionality has been emphasized in a wealth of literature in

recent years. A recent meta-study of 40 deep grid decarbonization studies concluded that retaining firm

zero carbon energy - whether nuclear, fossil with complete carbon capture, or firm renewables such as

advanced geothermal - is likely to reduce the cost of decarbonization substantially, as compared with

relying on variable renewable sources such as wind, hydroelectric power and solar energy.t A typical

recent detailed analysis of the role of firm energy in a Northeast and Southern electric system, for

t Jenkins, Jesse D., Max Luke, and Samuel Thernstrom. "Getting to Zero-carbon Emissions in the Electric Power
Sector." Joule2.12 (2018): 2498-2510. (Link here)
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example, found a dramatic cost difference between 100% clean electric systems that harness wind, solar,

and firm resources and those that rely solely on wind and sun.z (See Figure 1 below)
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Firm Allowed Firm Nor Allowed

I

300 p662n6 slde Resources scenario
aNoDSR +DSR3290 oosnr xDSR4

280 trDSR2 *DSR5

o
o

+

X

H

X

tI
+
X

X

Southern System I

Firm Allowed ; Firm Not Allowed I

I

Technological Scenario Combination
I All Conservative

lnterconnected System
Firm Allowed I Firm Not Allowed

I

lnterconnection
A 10% Peak Norlhern
v 20% Peak Norlhern

+

270

260

250

240

230

220

210

200

190

c
3
=
o'tr
oo
[l

a
o
0

+

X

10 5 1 0

! All Mid-Range
I All Very-Low

*99*

a
o
0

A

vo
I

+

II+
x

g
T

E
*.

tI
*

0e*l

+

a
OX
tr

{<
+

X
*

O

d,,+rr
X

E*+ut>
x?+

X
.+I

AI
*

rQ
t6xUX*
!*

aHt
I

A

v
o '180

I 170

oo 160g
9 rso

140

H

*

A

v

A

v

\]

A

v

130

120

110

100

90

80

70

60

a
o

tD9+
A0ixU*

H;6HFItx
E

ar8rEtsBE*F*X.A
.ES

HX

r:
c

u
o

so 10 5 1 o lso ro 5 1 o

L
V

f
A

v
A
v

Av

s

t
50

6
t!
x

H

n
50

t
++

tn*ee *

50

!$aq+

A+'

10 5 1 0lso ro 5 I o 10 5 1 0

Emlssions Limit [gCO2ikWh]

Figure 1: Costs of achieving zero-carbon grids are much higher where firm resources are not allowed and

only wind, solar and storage are permitted. Used by permission from Sepulveda, Nestor A., et al. "The

role of firm low-carbon electricity resources in deep decarbonization of power generation." Joule 2.11

(2018): 2403-2420

Analysis performed by CATF suggests that similar patterns apply to California. The fundamental dynamic

driving the need for firm energy in California, as in much of the Northern hemisphere, is seasonal

variability. Wind and sun do not just vary on daily cycles; they vary substantially over weekly and

monthlyperiods.

2 Sepulveda, Nestor A., et al. "The role of firm low-carbon electricity resources in deep decarbonization of power
generation." Joule2.11 (201 8): 2403-2420. ("Acrossall cases,theleast-coststrategytodecarbontzeelectnctty
inclrrdes one or more firm low-carbon resources. Without these resources, electricity costs rise rapidly as COz limits

approach zero. Batteries and demand flexibility do not substitute for firm resources. lmproving the capabilities and
spurring adoption of firm low-carbon technologies are key research and policy goals.") (Link here).
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This seasonal effect can be seen in California for wind in Figures 2-3 below, illustrating smoothed, daily-

average productione for onshore wind and solar photovoltaics:

Smoothed Daily Average Wind Production in CAISO,2018 (MW)
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We see a variation in output o1300% or more between seasons

What happens when we combine wind and solar output to equal 100o/o ol California electric demand on

an annual basis, and contrast it to actual demand in each day, week and month? Assuming that we have

a 5O/" wind/SO% sun system, we get a pattern like Figure 4 below:

3

s This daily average smoothing conceals more significant variability within|J:.e day
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Smoothed Daily Load & Renewable Energy Generation, Mixed Renewable Scenario (MW)

Scenario definition: 2018 wind and solar generation scale to each meet 5Oo/o ol total 2018 CAISO load
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Figure 4

. Smoothed Daily Renewable Generation (MW)

There are multiple weeks of average surplus above demand during the summer months but substantial

deficits September through February.

The consequence of this seasonal variation is that, even when California procures enough wind and solar

output to meet total electricity demand on an annual average basis, rougilrly 27% of hours of the year

cannot be serued by wind and sun. This is shown in the "heat map" below, Figure 5, in which yellow,

orange and red hours are unserved by variable wind and sun:

Percent of Hourly Load Served, Mixed 100% Wind and Solar Scenario
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ln theory, we could use battery storage to harvest surpluses and use them in deficit periods. But this is

where cost comes in. The sheer amount of storage that must be built to capture maximum surplus, and

then utilized infrequently, becomes cost prohibitive, even at very low storage costs.

ln Figure 6, we see that the accumulated surplus during the year equals 35,946,633 MWh, or roughly

14o/o of California's annual electric usage. To contain that much energy at peak storage time, you would

need a storage system equivalent in instantaneous capacity larger than the generating capacity of the

entire US electric grid.

Daily Renewable Energy Generation Surpluses and Deficitsn Mixed Renewable Scenario

35,946,633 MWh cumulative surplus
30,000

10,000

JFMAMJJASON
Figure 6: California surplus and deficit patterns under a 1007o renewable energy scenario.

That much capacity will incur a very large capital expense. The US Department of Energy estimates the

current cost of grid scale energy storage to be just under $500/kwh of capacity,+ Let us assume we drop

that cost by roughly 85% to $80/kwh. The total cost of such a battery storage system would be $2'9

trillion, or more than California's annual GDP of $2.7 trillion.

But that in some way understates the problem, because this storage capacity would be used at a very low

rate - about 1% of capacity in an average year. That is because only a small amount of the storage

capacity would be used regularly to balance daily variations in solar and wind output. Most of the storage

capacity would need to be built to store peak seasonal surplus and thus only cycle seasonally. That

means large capacity divided by little use, resulting in very large per unit costs for stored energy.

4 US ElA, "U.S. Battery Storage Market lrends "(May 2018)

https://www.eia.gov/analysis/studies/electricity/lratterystorage/odf/lcattery storage.pdf
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The result, depicted in Figure 7 below, shows that the escalating costs of storage per unit output required,

as wind and sun percentages become higher, drive very large system cost increases of roughly sevenfold

as wind and sun go from 60% to 80o/o of energy supply, and roughly twenty four times as wind and sun

provide all system energy.

CAISO Electricity Supply Costs

Under lncreasing Carbon-free/Renewable Energy Shares

s/Mwh
I Renewables & batteries only

r All carbon-free resources

r,402

389

57 58

-

5O% Carbon-free/Renewable 80%C*bon-free/Renewable 10O%Carbon-free/Renewable

Figure 7. California energy systems costs with increasing shares of wind and solar, versus a mixed
system including firm zero-carbon sources. Source: Clean Air Task Force calculated from CAISO data
and aggressive assumptions on renewable energy and storage cost reductions.s

A similar cost escalation pattern has been seen in national studies, such as a recent one conducted by

National Renewable Energy Laboratory analyst Bethany Frew, which also assumed a transcontinental

electric grid and optimal demand response mechanisms (see Figure 8 below).

5 The analysis assumes very aggressive further cost reductrons rn wrnd and solar energy compared to current
projections by the US Energy lnformation Administration, Specifically, the analysis assumes that wind costs drop from

$1,624 per kw to $1,000/kw and that solar PV drops from $1,969/kw to $700/kw.

80
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to a highly renewable US electricity future." Energy L01" (2016): 65-78.

Figure 8: Costs of supplying power in a national study of increasing shares of wind and solar. (Source:

see Figure description above).

It has been suggested that these kinds of high cost tails can be avoided by building substantially more

wind and solar to meet California's peak demand, and then curtailing wind and solar in times of surplus -
thus minimizing the need for storage. However, this does not solve the problem, as Figures 7 and 8 show

ln CATF's analysis (Figure 7), very little storage is used at the 8Oo/o carbon free grid mark and additional

amounts are added only as needed in the movement towards 100% carbon free - yet the cost curve is

well on its upward trend. And in Figure 8, one can see that an optimized mix of curtailment and storage

still yields a system with substantial curtailment that provides 7O-8Oo/o of energy from wind and sun rather

than 100%, which still incurs steep costs.
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None of this analysis is to gainsay a substantial role - likely greater than the statutory SB 100 minimum of

607o, which itself is three times today's share - for renewables such as wind and solar energy in cost-

effectively achieving the electric system decarbonization challenge. And it is always possible that

technological breakthroughs could occur that would make it possible to increase the percentage of

economically affordable wind and solar to much higher levels.o But such breakthroughs may not occur.

Supporting policies to bring other zero-carbon options to market will provide greater certainty of success.

b. Diversity and optionality increases the chance of success in low carbon build-out

Apart from cost, there may be serious issues associated with siting necessary zero carbon infrastructure

of any kind. While public concerns over siting nuclear energy plants are historically well-known, and the

siting of new gas-fired power plants with carbon capture is not likely to be without controversy, it is also

true that very large buildouts of a wind- and solar-dominated system and associated transmission may

also face obstacles.

For example, Figure 9 below depicts the amount of zero-carbon energy that would need to be added

each year to the California grid to meet the state's mid-century zero-carbon target, compared to various

historical addition rates. To achieve these targets on wind and solar alone would require California to

deploy those sources at five times the best historic rate, every year for the next 25 years - the equivalent

of nearly ten of the world's largest onshore or oflshore windfarms every year.ln nuclear terms, this would

amount to construction of more than one Diablo Canyon size plant (2256 MW) every year. Figure 10

shows similar national figures for various technologies.

o lt is sometimes argued that "demand response," that is, the ability to curtail customer load, will alleviate the surplus
and deficit problems outlined in this testimony. While this resource can be valuable, it is a question of scale and

duration. Today, the California grid operator reports that the system has in place 350 MW of maximum load

reduction/demand response - representing less than 1"/o of peak demand. See California lSO, 2018 Annual Report
on Market lssues and Performance,
htto://www.caiso.com/Documents/2Ol SAnnualReoortonMarketlssuesandPerformance.pdf, pp. 29, 42. These
agreements are generally understood to require interruptions for a few hours a few times a year. By contrast, as

Figure 5 demonstrates,l0O% wind and solar scenarios produce power deficits equal to as much as75o/" of demand
over many weeks. lt is not likely that California businesses, industries and consumers would etfectively agree to
multi-week and seasonal curtailment of demand, or that this would be good for the California economy if they did.

It also may be argued that interconnection of California to other control areas will alleviate the surplus and deficit
problem. While greater interconnections can help at the margins, we must assume that other regions will be pursuing

similar levels of decarbonization and are likely to adopt similar levels of variable energy. And wind and solar tends to
be hlghly correlated olr a daily arrtJ wuekly across tlte nation. As a lesult, even witlr seamless national

interconnection, as is assumed in the study referenced in Figure 8, substantial surplus and deficit problems are

experienced at very high levels of wind and solar, with the resulting cost impacts shown in the figure.

8
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lllustrative zero-carbon energy deployment to achieve California grid decarbonization target (TWh)

2s,000

20,000

15,000
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Annual GWH

additions required to
meet SB 100

Diablo output Average annual wind Alta wind energy London Array energy
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Figure 9: Annual zero-carbon energy deployment rates required to meet California's 2045 zero-carbon
grid requirement starting in 2O20, assuming increased electrification. lt is assumed that all current zero-

carbon energy infrastructure would need to be replaced by midcentury. (Source: Clean Air Task Force
calculated with historical data from published reports of the California Energy Commission, California
PUC)
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Figure 10: National buildout required lor 10O/" carbon-free electricity, by technology. Source: J. Jenkins,
Critical bottlenecks in decarbonization of the U.S. electricity grid, Jesse D. Jenkins, PhD, Princeton Rapid

Switch Workshop (June 12, 2019), used by permission of author

By any measure, this is blistering and unprecedented pace of energy system buildout. lt would be

challenging enough to imagine achieving this with all of the available options. The difficulty increases as

options are increasingly taken off the table.

The sheer engineering feat required is complicated lurther by public acceptance issues. Around the

nation, and even, or especially, in more environmentally oriented states such as California, there have

been substantial battles and delays over siting renewable energy infrastructure and associated

transmission.z Additional transmission needed to knit together diverse wind, sun and hydro resources are

especially dramatic as renewable energy shares increase - requiring as much as a twenty-fold increase

in US transmission capacity and interties for very high renewable energy scenarios, according to the

National Renewable Energy Laboratory (see Figure 11 below). Just one such transmission line, in New

England, has recently consumed roughly a decade of environmental debate, and is still not resolved.s

7 See P. Field, et al, Resolving Land Use and Energy Conflicts (2018);
https://www.cbsnews,com/news/new-york wind turbincs facc uphill battlo/;and
https ://f riendsof mai nesmou ntains.org/?category=Anti-Wi nd+G roups
8 https://www.bostonglobe.comlmeltol2OlSlll l22lplans-bring-hydropower{rom-canada-cornerstone-
state-energy-policy{aces-mounting-obstacles/3j6iBavrm4Libx8QdpX6TM/story.html

10



CLEAN AIR
TASK FORCE

r New Transmission s New lntertie
250

200

150

100

50

og
=I

==c
.9

=

,00060

40,000

00

K

&
rgg

__s{d_Gh@6HKg6

100,000

80,000

20,000

o
I(]
oto
=
o
+.
o
ooE
!,o

3
{

@os
n
m

Aos
n
m

(,os
n
m

@q)
ag
J
o

('t o)ooss
v7mm
Percent RE

os
7
m

(oos
n
m

Figure 11: Transmission required for various levels of renewable energy deployment. Source: National
Renewable Energy Laboratory, "Renewable Electricity Futures Study," Executive Summary, p. 26,

c. Conclusion: Allow and Support Developing Firm Zero-carbon Electricity Options

A diverse approach provides resiliency to the strategy by proving optionality in case insurmountable

hurdles are faced in one pathway. As we have discussed, in addition to cost issues, a large build-out of

wind and solar energy capacity, along with the substantial increase in transmission capacity that would be

necessary to serve a wind- and sun-dominated system, may well face substantial and well organized

opposition which has already emerged around relatively small scale proposals. At present, California law

forbids construction of new in-state plants because there exists no federal waste repository. The use of

naturalgas with carbon capture and careful methane emissions management, although based on well-

demonstrated technologies, will likely face challenges from those opposed to the use of any fossil fuels

for reasons including local health and environmental effects. The more options we have, the greater will

be our chance of success. The joint agency report should explore the opportunity for incentives and other
policies to bring additional zero-carbon options to market.
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2. The joint agency report should consider potential synergies between technology ootionality and

innovation in the power sector and the need to decarbonize the non-electric parts of the

California energy economy

Executive order B-44-18 commits California to total, economy-wide carbon neutrality by 2045. But
electricity represents only 16% of the state greenhouse gas emissions.

Where we cannot replace emitting energy sources with carbon-free electricity, four additional and

overlapping energy pathways could be criticaland should be addressed in comprehensive climate

legislation or enacted as complementary policies:

o Zero-carbon liquid or gaseous fuels that can be used for transport, high temperature industrial heat,
and building heat (and to create firm, non-weather-dependent electricity)

o Direct sources of zero-carbon high temperature heat such as supercritical geothermal energy and
high temperature nuclear energy

o lndustrial processes that do not inherently produce carbon emissions
o Direct carbon capture for otherwise unavoidable industrial carbon emissions

I was honored last year to be part of a group of authors who published an article in Science entitled "Net-

zero emissions energy systems." e The key insight of that article is that it is best to think of a net-zero

greenhouse gas emissions energy economy as a sysfem of complementary and overlapping parts.

These parts include zero-carbon electricity, fuels, storage, low-carbon industrial processes, and carbon

capture and sequestration from fossil fuel use. A greatly simplified schematic picture of such a system

can be seen in Figure 12 below.

Note that there are a variety of interconnections and complementarities between these pathways and

potential pathways for carbon{ree power sector. For example, zero-carbon liquid or gaseous fuels can be

made (a) via electrolysis of water which requires zero-carbon electricity, but also by (b) stripping carbon

from responsibly-sourced natural gas through steam reforming and carbon capture and (c) direct

chemical conversions using nuclear energy.to Likewise, carbon capture is not only useful for directly

capturing power and industrial emissions, but also for decarbonizing industrial heat or producing carbon-

free hydrogen from natural gas. And zero-carbon fuels, as well as nuclear and carbon capture, as

discussed below, can be important enablers of a zero-carbon electdc grid in complement to wind, solar

and energy storage.

These potential complementarities should be taken into account in the joint agency report.

e Davis, Steven J., et al. "Net-zero emrssrons energy systems." Science 3bU.b39b (2U18): eaasg/93.
10 See Clean Air Task Force, "Fuel Without Carbon" (20L8), https://www.catf.us/wp-

content/u plo ads / 20!8 I L2 / Fuels_Without_Ca rbon. pdf
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3. The joint agency reoorl should explore soecific state oolicies to enhance optionality and

technologv diversity for the zero carbon grid

Calilornia has historically been a world leader in bringing forward low-emission vehicle and power

technologies to market through mandates and incentives. Most recently, the CPUC's storage

procurement mandate has helped stimulate the national market for energy storage. Similar "market pull"

policies should be considered in the joint agency report for zero carbon power technologies, particularly

those that have potential application to other energy sectors.

Potential technology candidates for incentives, grants and mandates include

o Long duration electrical energy storage
o Renewable energy resources physically coupled to long duration storage

o Natural gas generating facilities equipped with carbon capture and sequestration
o Thermal generating units fueled entirely by zero carbon fuels such as hydrogen and ammonia

o Dedicated non-generating facilities that produce zero carbon fuels such as hydrogen and

ammonia for use in electric generation facilities
o Advanced dispatchable renewable energy technologies such as deep hot rock geothermal energy

o Nuclear fission or fusion technologies, whether located in or outside of the state, consistent with

other laws of the state

Another, more generic approach that could be considered is a requirement for load-serving entities to test

the market tor zero carbon "firm" energy in specific tranches without specifying technology type. At a
minimum, such a solicitation or request for proposals would reveal the range of technologies and price

points the private sector is able to offer.
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4. Conclusion

CATF once again appreciates the opportunity to file these comments, and stands ready to assist the

agencies by providing further information on the ideas contained in this letter. Our local California contact

point is Deepika Nagabhushan at 1 (847) 505-4149 or dnagabhushan@catf.us.

Respectfully submitted,

Armond Cohen

Executive Director

Clean Air Task Force

1'14 State Street

Boston, MA 02109

armond@catf.us

Mobile: 617.680.0341
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