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EXECUTIVE SUMMARY

NERA Economic Consulting wasommissionedby the American Council for Capital Formation
Center for Policy Resear¢ACCF CPR) to performa comprehensive assessmehimpacts on
the overalll.S.economy in genergand on thendustrial sectom particular from regulating
greenhouse gd&HG) emissiongunder existing angotentialfuture regulations.

President Obama announced the Climate Action @&#) to address climate chanteough
executive actiorm 2013 In addition to other initiatives not requig new legislation, itirected
theU.S.Environmental Protection Agency (EPA) to establish the first ever restrictioarbon
dioxide emissionfrom the electric sector. The EPA issued/nmales to reduce GH@&missions
from the electric sector throngheOClean Power PlanCPP, claimingunder authorities
granted irsections 111(b) and 111(d) of the Clean Air ACAA).

In addition to issuing new regulations to implemenCits?, theObama Administration
participated in meetings in Paris at the eh@015that created a new framewdikreduce GHG
emissionsbased on volunta§Nationally Determined Contributio@NDC) from each country
The U.S. pledgedh its initial NDC to reduce emissions more rapidly and further than the CPP
alone would do, red in its2016Second BienniaReportof the United States of America
(USSBR 2016¥ubmitted to the bitedNations (UN) it described in broad terms what
additional regulations would be required to achieve those goalsUSSBR2016 provides
someoptionsto achieve the 2028DC targé to reduce net GH@missions by 26 to 28
relative to 2005 levelsThe U.S. NDCrom the Paris Agreement is consistent with a straight
line emissions reduction pathway to econemgle emission reductions of 8or moe by
2050. These long term goals of reducing emissimadetailed in theJ.S.Omid-century
strategy USMCS 2016 ? that envisions a deep decarbonization of the U.S. ecotm806
below 2005%emissiongy 2050.

It is widely agreed that the total potential emissions reductions from existing policies together

with planned policies announced by the Obama Administration are insufficient to achieve the

NDC pledge and would fall dramatically short of the 2050 goall&\the projected size of the

NDC emissions OgapO varies somewhat among various analyses, it is clear that such a gap cannot
be filled without contributions from the industrial sector. Accordingly, this study aims to

estimatethe costs and impacts of clogithe Paris NDC gap under a number of different

scenarios.

1 2016 Second Biennial Report of the United States of America under the UNFCCC, The U.S. Department of State,
2016.

2 United States MieCentury Strategy for Deep Decarbonization, The White House, November 2016.
http://unfccc.int/files/focus/longerm _strategies/application/pdf/lus _mid century strategy.pdf
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To address the study objectives develop a slate of scenarios to bracket the potential

economic impacts on the industrial sectors and the economy as a whole from the U.S. reducing
its GHGemissionsas specified ints NDC. Thescenarioemploy a combination oharket
basedanddirect measures to restrict GHG emissions. The core scenarios are constructed so that
the U.S. as a whole ultimately meets its NDC emission target. Since the @tanmastration

has taken the course of implementingd&P through direct sectoral regulations, rather than
broader markebased (i.e. capndtrade or carbon tax) measures that would require legislative
action, we design some scenarios to illuminatertipacts of feasible direct measures. In light

of suggestions th&PA couldbaseits climatepolicies onSection 115 of the A, titled
Olnternational Air Pollutig® we design a nationwide cap and trade progrataverlayit with
regulatory programs tmeet the Us. NDC target

All the programs to be analyzed are assumed to utilizéaaiLand Use, Land Use Change

and Forestry (LULUCF) offseto meetthe emissions target. TRESSBR2016 report on

actions to reduc&HG emissions includes high and l@stimates forequestration of GHGdue

to changes in land use and foreshat are uncertain and difficult to estimaBased on these
estimateswe estimate two different offset potentials (average and high) that are counted toward
emission reductioratgets in the study. Since tlstdy deals only with regulations to reduce
carbon dioxid€CQO;,) emissions from fuel combustion, it excludes the costs of these measures to
increase sequestration and reduce ddteé6s Costs of reducing ne@O, emissionsn the

assumed amounts and of increased sequestration would be additional to the studyOs cost
estimated to redudg@O, emissions. For the core scenario assuming availability of the average
level of offsets, the overall manufacturing sector will have togedts emissions by about 38%
fromits 2005 leveldor the U.S. taneetits NDC target in 2025.

To conduct this study, we used NERAQSERA integrated model, which consists of a-top

down general equilibrium macroeconomic model of the U.S. economydetdiked capacity
planning and dispatch model of the North American electricity system. JJiRIN modeling
framework captures interactions among all parts of the economy and transmits the effects of
sectoral policies throughout the economy. The modleldsility allows it to incorporate many
different types of policies, such as those involving industrial, energy, environmental, financial,
labor, and tax matters. The model represents five U.S. regions (four manufacturing based states
and the rest of #hU.S.) and captures manufacturing at a subsector level. The model includes 16
industrial subsectors, of which five are energglated sectors and 11 are remergy sectors. Of

the 11 norenergy sectors reflected in the model, eight are manufactugtysand the other

three represent the nonanufacturing subsectors. The model is run from 2016 through 2040 in
threeyear time steps.

We highlight below some key findings of our study for the core scenario that sets emissions caps
without trading for eeh of the four broad sectoBdndustrial, Electric, Transportation, and rest
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of other sector®at levels to meet the overall U.S. 2025 NDC target and continue on a path of
80% reduction in emissions by 2050.

Key Findings of the Study’

Summary of smekey impactgelative to the baseline

2025 2040 2025 2040
Average Sequestratiot High Sequestration
Percentage Change in Gross Domestic Product (%) -1% -9% -1% -8%
Change in Gross Domestic Product (2015$ Bil.) -$250 -$2,900 -$180 -$2,500
Change in Income per Average U.S. Household (2015%$/Household)* -$160 -$7,000 -$60 -$5,900
Change in Manufacturing Sector Jobs (Thousands) -440 -3,100 -280 -2,800
Change in Total Industrial Sector Jobs (Thousands) -1,060 -6,500 -760 -5,800
Change in Total Economywide Jobs (Thousands) -2,700 -31,600 -1,900 -27,900
Percentage Change in Industrial Se ctor Output (%)
Paper and Allied Products -4% -12% -3% -10%
Cement -21% -23% -13% -21%
Bulk Chemicals -5% -12% -3% -10%
Iron and Steel -19% -38% -12% -35%
Coal -20% -86% -18% -82%
Natural Gas -11% -31% -8% -29%
Petroleum Products -11% -45% 1% -41%
Percentage Change in Emissions Relative to 2005 Levels (MMTGPO
Industry -38% -61% -27% -56%
Transportation -13% -55% -13% -53%
Other -1% -53% -1% -51%
Electric -31% -57% -31% -55%
Industrial Process and other CO, -33% -60% -19% -54%
Non-CO, -17% -56% -17% -54%
Sequestration 30% -12% 49% 38%

Change in income per average U.S. household is expressed as a dollar value
relative to current average income levels.

The U.S. economyould lose about $250 billion in 2025

As the broadest measure of economic impact, the reductions in GDP due to costs of future GHG
regulation are notable in each of the scenarios. In the coraiscéh&. GDP loss could be
about $250 billion in 2025 increasing to about $420 billion per year on avemdgecumulative

% The study results only reflect the least cost approach to meet emission reduction tadgets.ndt take into
account potential benefits from avoided emissions. The study results are not adustetitalysis of climate
change. The long run, year 2040, impacts which are representative of the Obama AdministrationOs long term
emissions goalfaan 80% reduction by 2050 are subject to a great deal of uncertainties about the future. The
model does not take into consideration yet to be developed technologies that might influence the long term cost.
The impacts estimated are based on currenht#oby costs and availability assumed in our model.

* The values are denominated in 2015 dollar unless mentioned otherwise.
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loss ofabout$4 trillion between 2022 and 2031The losses become larger in the long run as the
OmidtermO deep decarbonization target constrains the economy significantly. The U.S. economy
couldlose about % of its GDP on average between 2034 and 2040 amounte¢p&s of

greater thar$2 trillion annuallyand a cumulative loss of &#rillion.”

Avalilability of additional free offsets mitigate the overall impacts on the economy

Overall impact on the U.S. economy is mitigatecabgumedree LULULCF offsets.
CumulativeGDPlossis reducedrom abait 1.1% to about 0.86 if high estimates for
sequestration dBHGsdue to changes in land use and forestry are avail&tdging additional
offsets reduces the impacts on GDP by abot 802025, and 2% in the medium to long term,
respectively. The impat even with high offsets amowtb about $180 billion in 202%330
billion in the medium ternand $1.8 trillion in the long term. Thange ofGDP impacunder

the different sequestration levelssisown in the figure below with the height of the bars
representing the range of impacts from high to low sequestration.

® The average impacts are represented as simple averages between years 2022 and 2031 and years 2034 and 2040 to
represent a shontledium and long term impacts of the policy, respectively. All impacts are estimated relative to
the baseline which is absent of the GHG policy.
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Marginal costs of reducing carbon varies across sectors

By representing subsectoral regulations ag@on the entirendustrial sector that includes all

the targeted subsectors, weplicitly assume that regulators succeed in identifying the least cost
mitigation options for all firms within each broad sector. Since the caps for each sector are set
separately and noatding is allowedicrosghefour broadsector®Industry, Transportation,
Electric Power, and Othisr there will be a suboptimal allocation of effort acrossésectors.

The carbon price shows that thewer sector experiences the lowest price to nigttrgets.

The industrial sector fac@scarbon price of $200 penetricton® of CO, (TCOy) in 2025 and

rises over time to about $40CO;, in the long run. The other two broad sectors (Transportation
and Other) face no carbon price until year 2028 singe¢h@ssions cagparenon-bindinguntil

that time The ranges of carbon prgger the four broad sectofer the different levels of
sequestratiom the model are shown below.

Carbon Price (2015$ per metric ton of CQ) ’
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Energyintensive sectorgxperiencehe greatesimpacts

The most eergy and carbon intensive sectexperience the greatest impacés a result of the
GHG policy, these sectors face high costs and become globally uncompetitive leading to lower
demand fotheirgoods. Production of iron and steel, refined petroleum products, and cement
sectors are the most impactddnder the core soarios, heir 20250utput decline by about

19%, 11%, and21%, respectivelyand their 2040 output declines by about 38%, 45%23~l
respectively.Bulk chemicals and paper and allied products output decline by abowd &i%eer

to the baseline in 202%d by 12% in 2040.

The motor vehicle sector sees an increase because a large amount of capital investment is
directed to this sector to produce more fuel efficient and alternative fuel veltiohes the
regulatory program represented bgagbon pricénas a direct impact adhe cost of usindpssil
fuels fuel demand is reduced apdbduction of natural gas and crude oil declines by abcxt 10
The production of natural gas declines by 31% and crude oil by#62040 Coal production
declines by 2% relative to the baselinproduction in2025and by 86% in 2040The figure

® Throughout the remainder of this report, I®reported in metric tons and for brevity referred to as tons.

"IND - Manufacturing sectors, TRNTransportation sector, ELEElectric sector, and OTHRest of the economic
sectors, see Section lIl.
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below showg the change in outpuatf all of the industrial suisectors modeled in the stuasth
the ranges shown corresponding to the levels of sequestration modeled.

Percentage Change inndustrial Sub-Sector Output (%) ®

Industrrial Sub-sector Qutputin 2025

(Percentage Change from Baseline)
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Non-manufacturing

Leakage in emissions defeats the objective of reducing emissions from a global perspective

Leakage in emissions occurs when reductions in a region employing a policy are offset by an
increase in emsions in another region. In particular for this study, U.S. emission reductions are
offset by increases in emissions in the rest of the world, which undertakes no GHG reduction

8|_sblron and Steel, OllBRefining, CMTDCement, OEMDOther Energy Intensive Manufacturing, PAP
Paper and Aled Products, CHMPBulk Chemicals, FABDFabricated Metal Products, WG@Nood Products,
M_V - Motor Vehicle Manufacturing, CObCoal, Ga®PNatural Gas, MINDMining, CNSBConstruction, AGR
DAgriculture, CRUbCrude Oil.
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policy’ beyond the programs that are alreathprporatedn the baseliné® Leakage defeats a

large share of the emission reductions from the most ematgyysive and heavily impacted
sectors.For every ton of C@emissions reduced in the U.8.3tons of CQemissions increase
elsewhere from energntensive sectorsHence,from a global perspective the overall
effectiveness of the U.S. policy is undermined by leakage. Moreover, the high costs borne by
especially the energytensive sectors produce even less emission reduction when viewed from
a global basis.

GHG policy lead to lower household income and consumption

Costs of compliance with CAP regulations and higher costs of asengy leadlirectly to
reductions in householglrchasing power. On averaige2025 a typical U.S. househd®ireal
annual incomeleclinesby $160 relative tdodayOmcome level. The average annual lwss
income increases to about $7der household between 2022 and 2031. The losses become
significant and could reach about $5,000 per housdieildeen 2034 an204Q The
consumption omcome impacts per average U.S. household are shothefigure below.

° Since the intensity pledge China, a major contributor of global emissions, does not deviate significantly from the
current outlook iittp://www.energyxxi.org/china%E2%80%98wlc-significanteffort-or-businesaisua), we
omitted potential effects of other regions taking on their respective NDCs in this study.

9 The leakage rate would be mitigated if other regions of the world also undertook policies to reduce carbon
emissions.
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Manufacturing sector could lose about 440,000 jobs in 2025

Energy costsnake upa large share of the total cost of production of manufacturing goods. A
restriction in carbon emissions means that the total cost of fossil fuel increases leading to higher
costs of productin. Thiscost increase leads to tbesingof facilities thatcannot compete on a

cost basis. Thmcreasingstringencyof the GHG policy leads to more closure of manufacturing
sectorover timeleading tofewermanufacturing jobs. In 2025, the manufacturing sector alone
could potentidly lose 440,000 jolequivalents relative to the baseline jalosl about 3.1 million

in 2040 Taking into accountheloss in employment in other nenanufacturing sectors, the
job-equivalents impact for the overall industrial sector could be d@buhillion job-equivalents

in 2025and 6.5 million in 2040 A largeshareof this job loss occurs in the construction sector

1 \We represent jobs impacts are as Gjghivalents.O The number of-jeuivalents equals total labor income
change divided by the average annual income per job. This does not represent a projection of the numbers of
workers that may need to change jobs andéunemployed, as some or all of the loss in labor income could take
the form of lower wages and be spread across workers who remain employed.
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which employs a significant portion of the overall industrial labor foFogal economywide
employment lossesmount to about 2.7 midin in 2025.

Change inManufacturing and Total In dustrial Sector Jobs(Thousands)
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The overall costs of achieving the NDC targelspends upon the policy design

Implementingregulatory system throughrect measurethatrequires no shutting down of

existing facilitiesis insufficient to achievéhetargets Furthermore, the use of direct rather than
broad market based measuisean inefficient way to achieve climate goalghe analyses from

the studyshow policies that allow ore flexibility achieve the same or greater emission
reductions at lowebut still at asignificantcostto the U.S. economy The set of scenarios
highlight thevariation incostsestimates under scenariosingnarrow based sectoral measures
and econmy-wide marketbasedneasuredn particular,under anationwide cap and trade
programthat allows trading across all sectors of the economy ensures that the marginal cost of
reducing emissionsra equalized @oss all sector¥ Theoverallcostof achieving the NDC

2 This scenario assumes that EPA will depart from its existing authorities under CAA and claims broad amithority
create an economyide cap and trade program. While the legality of whether EPA has such authority is still up

13
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target would decrease by abddfs in a present value basgigh an economywide trading
regimewith direct measuresompared to the broad sectoral cap.

Carbon Pricesfor Different Trading Regimes(2015$ per metric ton of CQ)
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for debate, numerous stakeholders have suggested than an argument for such authority could be made under CAA
Section 115. If EPA were totampt to do so, it is likely that they would be required to instruct states to include
GHGs in State Implementation Plans (SIP).
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! INTRODUCTION
A.!  Background

In 2009, eight industrialized nations, including the United States (U.S.) referred as the Group of
Eight (G8)- France, Germany, Italy, the United Kingdom, Japanltise Canada, and Rusdia
discussed cutting global emissions by&lly 2050, with the highly industrialized nations to cut
their emissions by 8@. President Obama in 2013 announced the Climate Action(E&R)to
address climate change. Under this plan, the administration has already used its existing
authorities by issum CAA standards to tighten fuel economy standards for cars and trucks, other
efficiency standards, and requirements for use of renewable fuels in transportati@®AP he
further directs th&PAto establish the first ever restriction carbon dioxide emssionsfrom the
electric sector. The EPA issued new rules to re@ld6& emissions from the electric sector

relying onsections 111(b) and 111(d) of the CAA. The electric sectorOs OClean Power PlanO
(CPP) was stayed by the U.S. Supreme Court, and its implementation will depend upon the
resolution of legal challenges.

In addition to issuing new regulations to impleménCAP, the Obama Administration
participated in meetings in Paris at the end of 2015 to address global GHG emissions. As a
result of these talks, many countries agreed to reduce their emissions. These reductions are
referred to as Nationally Determin@bntributions (NDC). The U.S. pledged as part of its NDC
to reduce emissions more rapidly and further than the CPP alone would do, and in its USSBR
2016 submitted to the UN in 2016 described in broad terms what additional regulations would be
issued to dueve those goals. HE USSBR 2016 provides a blueprint to achieve the 2025 target
of a B to 28% reduction in emissions relative to the 2005 levdlse U.S. NDC is consistent

with a straighline emissions reduction pathway to econemgle emission redtionsof 80%

or more by 205@s presented in thmid-centurystrategy (MCS) that envisiosdeep
decarbonization of the U.S. economy o#8below 2005 levels by 2050.

The U.S.Os NDC containsspecifictarges for reduction ofemissions in any sectan¢luding
industrialemissiony but it is widely acknowledged that industrial sector emissiamdd have

to be reducedh order to achieve the NI Consistent with this, a receBPAOs budget proposal
requested funding tieegin considering new GHG regtitms on the refiningpaper and allied
productsiron and steel, livestock, and cement sectbiBhe Obama Administration also

expects reductions in emissions from existing automobile efficistarydards and new standards
for heavy trucks, new applianeéficiency standards, regulations on methane emissions from oil

13 United States Environmental Protection Agency, Fiscal Year 2015, Justification of Appropriation Estimates for
the Committee 0 Appropriations, EPAL90-R-14-002, pg. 2013.
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and gas operationsghterappliance efficiency standards, voluntary measures to reduce
hydrofluorocarbons under EPAQOs Significant New Alternatives Policy program, programs to
enhance carbaosinks through land use managemértnd many other such regulations that
would directly or indirectly impact the industrial sectd¥hether or not the current stay on
implementation of the EPAOs CPP, a centerpiece 6fthma AdministratioBs proposed
regulation to limitGHG emissions, is sustained, substantial emission reductions from the
industrial sectowould be required to meet the. &JONDC and the overall emissions reduction
goal for theU.S.reflected in the Paris Agreement.

B.!  Objectives of theStudy

NERA Economic Consulting was asked by the American Council for Capital Formation (ACCF)
to conduct a comprehensive assessmempécts on the manufacturing sectors in particular and
on the overall economy in general frohe 2025 target anthelong term goal of 8% reduction

under different regulatory approaches and program flexibility to understand the potential range
of economic impacts on the industrial sector.

C.!' How the Study Was Conducted

We use NERAOsNERA modelfor this study. NJERA mockl isa dynamic computable
general equilibrium of the U.S. economy and is welleslito estimatempacs of policy,
regulatory, and economic factors on th@ustrial sectorgnergy sectorand the economylhe
NewERA model combines a macroeconomic moalgh all sectors of the economy with a
detailed electric sector model that megents electricity production. Th®del specification
captures theffectsof reduction in GHG reductioas they ripple through all sectors of the
economy and the associafegdback effects.

COyemissions from fuel combustion are directly represented J&BRA, so that only the

required emission reduction needs to be specified. Industrial process emissionsacg CO
important in some indiirial sectors such @mentWe assume reduction in process emissions
to be proportional to reduction theindustrial fossil fuel C@emissions? Thecurrentcarbon
capture and storag€CS costs suggest that industrial CCS is not viable commercially, and we
assume it will not bavailable during the period analyzed.

14 As per theNDC, the US intends to include all categories of emissions by sources and removals by sinks, and all
pools and gases, as reported in the Inventory of United States Greenhouse Gas EmisSioks.dndhe model
we will assume exogenously removal from by sinks.

15 Based on the 200%tio of process emissions todustrialenergy, an industrial process emission is about 24% of
the total industrial fossil fuel combustion emissions.
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We do not explicitly model the cost of reducing otG&iG emissions that th@®bama

Administration intends to regulate. We assume that methgdefluorocarbonsHFC9, and

other noRCO, GHGswill be reduced in linavith USSBR 2016 projections which are based on
current proposals, and count these reductions toward the emission reduction targets assumed in
our scenarios. Thus any of our cost estimates will underestimate the cost to achieve emission
targets related tall GHGs because we assume reductafnmsonCO, GHGs can be achieved at

no cost.

The USSBR 2016 on actions to red&dG emissions also includes high and low estimates for
sequestration dBHGsdue to changes in land use and forestry. These estimatsao®unted
toward emission reduction targets in the study. Since this study deals only with regulations to
reduce CQ@emissions from fuel combustion and g&@ocess emissions, it excludes the costs of
these measures to increase sequestration and rethec&HGs Costs of reducing neGO;
emissions in the assumed amounts and of increased sequestration would be additional to the
costs estimated to reduce £€missions.

The model baseline is calibrated to the Energy Information AdministrationOs Anetgy E
Outlook 2016 (AEO 2016). The model represents 5 U.S. regions (Missouri, Michigan,
Pennsylvania, Ohio, and Rest of the U.S.) and includes detailed industrial sectors (10
manufacturing sectors and three sroanufacturing sectorsheother four energsectors (coal,
crude oil, natural gas, and electricity), residential, commercial, and commercial transportation
and trucking setors. The model is solved 2040 starting in 2016 in thrgeear time steps.

D.!I'  Organization of the Report

The next section, $&on I, provides a brief overview of the topic manufacturingsettors.
Section Il provides a short summary of the NewERA model and the baseline assumptions.
Section 1V describes the scenarios followed by detailed discussion of the national aral sect
impacts in Section V. Section VI highlights maeconomic impacts on the fouates

(Missouri, MichiganPennsylvania, and Ohio) that wenealyzed for the study. Section VI
concludes with insights drawn from the study.
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1. OVERVIEW OF THE TOPI C INDUSTRIAL SUB -SECTORS
A.! Bulk Chemicals

In 2015, the U.S. bulk chemicals manufacturing sector which incorporates both commodity and
agricultural chemicals generated nearly $350 billion in product shipments, or nearly 6% of the
total value of product shipmemnbf the U.S. manufacturing sector as a whole with the product
shipment values staying flat in comparison to 2014 vafu@e sector employed around

286,000 people in 2015 up from around 284,000 people in 2014. In 2015, imports for the sector
amountedd around $190 billion in product shipment value while exports amounted to $220
billion.*’

Commodity chemicals are typically produced in lavgkimesand are characterized by chemical
composition specifications that are homogenous in nature. In 20X & pthect shipment value
from commodity chemicals amounted to nearly $310 billion with nearly half of this value
coming from bulk petrochemicals and intermedidfeExamples of commodity chemicals
include inorganic chemicals, bulk petrochemicals, orgarecnital intermediates, plastic resins,
synthetic rubber, manufactured fibers, dyes and pigments, and printing inks.

The primary markets for commodity chemicals include other chemicals and chemical products,
other manufactured goods such as textile prodacatemobiles, appliances and furniture where
they are incorporated into the final product or may be used to aid in processing in other
industries such gzaper and allied producésd oil refining. The production of commodity
chemicals is typically botbapital and energy intensive, large in scale with prices being highly
co-related with capacity utilization levels and raw material costs. Kdgdo the production

process isccess to raw materials and plant size. These factors when coupled witlapotent
environmental concerrgeate high barriers to entry in the market.

Agricultural chemicals while closely related to commodity chemicals are distinguished by
having one very dominant ense customer namely the farming sector. The business
incorporats two major segmen#fertilizers and crop production. Apart from farming, a few
other businesses such as construction and utilities as well as a few institutional segments use
agricultural chemicals. In 2015, the product shipment value from agridudhemicals

amounted to around $40 billidf.

16 Annual EnergyOutlook 2016, Reference Case without Clean Power Plan, U.S. EIA, May 2016

" value of Exports, General Imports and Imports by Country-dig NAICS, U.S. International Trade Statistics,
United States Census Bureau, July 2016.

182016 Guide to the Busine®f Chemistry, American Chemistry Council, June 2016.
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B.! Cement

Cement isaglobally traded commodityCement is manufacturagsinga closely controlled
chemcal combination of calcium, silicon, aluminum, ir@nd other ingredientsCommon
materials used to manufacture cement include limestone, shells, and chalk or marl combined
with shale, clay, slate, blast furnace slag, silica sand, and iroT bese mgredients, when

heated at high temperatures form a rbk& substance that aground into the fine powder that
we commonly think of as cement.

In 2015, the U.Scementmanufacturingsector generated around $14 billion in product
shipments or around 0.266 the total value of product shipments of the U.S. manufacturing
sector as a whol€. The sector employed around 25,000 people in 2015 up from 24,000 in
2014 Historically, ithas beemne of the most energy intensive sectors Vétenergyintensity
nearly tertimes that of theverage intensity of all sectd’s

The domestic production of cement increased slightly from 2014sléva@bouB0.4 million

tons ofportland cement and 2.4 million tons of masonry cerfiefiroduction however

continued to be well below the record level of 99 million tons in 2005 reflectingridlidle

status at a few plants, underutilized capaeind plant bsures in recent yeafS. Total

shipments to final customers including exports amounted to nearly 93 million tons with imports
of hydraulic cenent and éhker for consumption at neariyl million tons.#

The U.S cementindustry is made up of plants that produce clinker and grind it to make finished
cementandclinker grinding plants that integrind clinkerthatwas obtained elsewhere, with
various additivesClinker production is the most energy intensive stage in cepneduction

and accounts for over 90% of total energy use and almost all sétharOsiel use®?

Electricity needed for the crushing and grindofigaw materials and finishing represambther
source of energy deman@roven technical options withe potential to enable reductions in
energy use and G@missions include improvements in energy efficiency, use of alternative raw
materials and fueJ@nd reduction in clinker content using alternative cement blends.

19 Annual Energy Outlook 2016, Reference Case without Clean Power Plan, U.S. EIA, May 2016. The cement
industry keeps its own employment statistics that are compiled and published by the PortlandXSsauéetion.
In the interest of consistency across sectors, this report relies on the cited data from the U.S. EIA.

2 The cement industry is the most energy intensive of all manufacturing industries, Today in Energy, U.S EIA, July
2013. Availablehttp://www.eia.gov/todayinenergy/detail.cfm?id=11911

2L U.S. Geological Survey, Mineral Commodity Summaries, January 20/6lable:
http://minerals.usgs.gov/minerals/pubs/commodity/cement2f&§ cemen.pdf

2 Energy Efficiency Improvement and Cost Saving Opportunities for Cement Making, Ernst s¥ar€hristina
Galitsky, Ernest Orlando Lawrence Berkeley National Laboratory, March 2008.
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Clinker may either be produced ugimOwetO or OdryO procéssa wet rotary kiln, the feed
blend typically contains about 36% moistufihis necessitates the use of a long kiln for
purposes of evaporation of the moistuFelel use in a wet kiln can vary between 5.3 and 7.1
gigajoulesper tonne GJ/tonng of clinker?? In a dry rotary kiln, feed material with much lower
moisture content typically around 0.5% is used, therefdycing kiln length.Later

developments have included mestage suspension preheatans kilns equipped with
preheater/prealciner stagesFuel use in a dry kiln is typically lower with the fuel consumption
varying between 3.2 and 3.5 GJ/tonne ainfora dry kiln with a 4 or 5 stage pheating®?
Thevastmajority (96%) of the cement produced in theS.is through the OdryO process.

C.I  Iron and Steel

Steel production involves numerous steps whichbesorganized into various combinatis
depending on the product mix, the available raw materials, energy sapglinvestment

capital. Primary production involves the use of a blast furnace to produce molten iron from iron
ore, coking coal and limeston&he molten iron produced is thenbsequently converted to

steel in a basic oxygen furnace (BORhis route can be particularly energy intensive due to the
inclusion of the coke making and sintering procédse secondary production of steel typically
employs an electric arc furnadeAF), where scrap steel is the primary inplihe scrap steel is
then melted using electricityNatural gas may be used as a supplemental source of energy.

In 2015, the U.S. Iron and Steel sector generated nearly $116 billion in product shipments, or
around 2% of the total value of product shipments of the U.S. manufacturing sector as &whole.
The sector employed around 154,000 people directly in 2015 up from around 152,000 people in
20147 In 2015, steel shipmentstaled87 million tons, with finished imports amounting to 31
million tons and exports amounting to 10 million téhs.

In 2015, the steel industry accounted for about 1.5% @fdustrial shipments and 6.1% of
industrial delivered energy consumptionAccording to EIAOs AEO 2016 Reference Case,
energy use in the steel industry is forecasted to increase by about 11% ov40 2@1ite the
energy intensity is projected to féaly 27%, compared to a decrease of 18% in overall industrial
energy intensityThe overall energy intensity of the EAF route is significantly lower than that of
the BOF route and the shift from one to the other has contributed to a substantial reddocgon in
energy intensity for the iron and steel manufacturing sedtoe. decrease in energy intensity can

% Annual Energy Outlook 2016, Reference Case without Clean Power Plan, U.S. EIA, May 2016.

24 2016 Steel Industry Profile, American Iron and Steel Institute, Ml 2Available at
https://steel.org/~/media/Files/AIS|/Reports/204K51-Profile.pdf

% steel Industry Energy Consumption: Sensitivity to Technology Choice, Fuel Price€aabon Prices in the
AEO 2016 Industrial Demand Module, July 20Mvailable at
https://www.eia.gov/forecasts/aeo/section issues.cfm#steel industry

20
5% & () &Y%+ (- 150 %



be attributed to omitting the need for ore preparation as well as coke making and iron making.
According to data from the Manufacturing Energy ConstiongSurvey and the World Steel
Yearbook, from 1991 to 2010, the share of U.S. steel production using electric arc furnaces
increased from 38% to 61%, while the energy intensity of crude steel production decreased by
37%.In the AEO 2016 Reference Cadwe tlectric arc furnace share of crude steel production is
forecasted to increase to 69% AR as seen iRigurel.

Figure 1: U.S Crude Stesl production by Technology Type

Changes in U.S. crude steel production by technology in the Reference case, 2015-40 Ci/a
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Direct reduced iron (DRI) production, a newer technology which is now commercially available
and growing, accounted for about 8 millimms of iron production in 2015This process

involves the direct conversion of m@re using a reducing agent which is usually natural gas.
The resulting sponge iron is then used as asteelin the EAF processThis process is able to
convert iron ore to iron using less energy and lower capital cost when compared to the BOF
route. It can alsdake advantage of the relatively lower natural gas prices in the U.S.

D.!'  Paper and Allied Products

Thepaper and allied produatsanufacturing sector converts fibrous raw materials into pulp,
paper, and paperboard produdigarket pulpmills produce only pulp which is then sold and
transported to paper and paperboard mills. Paper and paperboard mills may purchase pulp or
choose to manufacture their own pulp. In the latter case, the units are referred to as integrated
mills. The majoprocesses employed in thaper and allied produdtsdustry include raw

materials preparation, pulping, bleaching, chemical recovery, pulp drying, and paper making.
Certainpaper and allied produatsills also include converting operations such as ngadr box
making but these operations are usuallyiedrout at separate facilities.
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In 2015, the U.Spaper and allied producsector generated nearly $160 billion in product
shipments, or nearly 3% of the total value of product shipments of the Un8fantring sector
as a wholé® Shipments declined from around $163 billion in 2014. This sector employed
around 366,000 people in 2015 down from 370,000 people in 2014. In 2015, imports for the
paper and allied producsgctor amounted to around $21libn in product shipment value while
exports amounted to around $24 billdn.

Paper and allied produatsanufacturing processes primarily differ in the pulping process
employed. During this process, wood chips are separated into individual celluysebiib
removing the lignin from the wood. There are four main types of pulping processes: chemical,
mechanical, serghemical, and recycle. The chemical proc&safior sulfite) involves

digestion of the wood chips using aqueous chemical solutionslevated temperature and
pressure to extract the fibers. The Kraft process uses an alkaline cooking liquor of sodium
hydroxide and sodiuraulfideto digest the wood while the Sulfite process uses an acidic mixture
of sulfurous acid and bisulfite ion. Thee of sulfite pulping has declined in comparisokr &gt
pulping over time since sulfite pulps have less color in comparison to Kraft pulps and can be
bleached more easily but are not as strong. In mechanical pulping, the pulp fibers are separated
from the wood by physical energy such as grinding or shredding.-&emiical pulping uses a
combination of chemical and mechanical energy to extract the fibers. In the recycle pulping
process, pulp fiber is recovered from previously manufactured prodetisisicardboard and
office paper through hydration and agitation.

Kraft pulping is the most extensively used chemical pulping process, accounting for about 80%
of thepaper and allied produatsanufacturing processes in the 32SThis process requires

more heat energy anldaslower fiber yield than other pulping typesHowever, Kraft mills are

able to meet almost all of their energy needs fromptoglucts such as black liquor and can even
be a net exporter of energy. It has also been demonstratecethgplitation of combined heat

and power (CHP) can significantly enhance the energy efficiency pbiter and allied
productsindustry with typical fuel savings of about-20% and energy savings of 30%

compared to traditional technologies.

% Annual Energ Outlook 2016, Reference Case without Clean Power Plan, U.S. EIA, May 2016.

?"vValue of Exports, General Imports and Imports by Country-big& NAICS, U.S. International Trade Statistics.
United States Census Bureau, July 2016.

%8 Available and Emergingechnologies for Reducing Greenhouse Gas Emissions from the Pulp and Paper
Manufacturing Industry, U.S. EPA, October 20A9ailable https://www.epa.gov/sites/pduction/files/2015
12/documents/pulpandpaper.pdf
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. ! NERA METHODOL OGY AND BASELINE ASSUMPTIONS
A.!  Overview of theN¢,ERA Model and NERA Methodology
1! The NewERA Model

To conduct this study, we used NERAQSERA integrated model, which consists of a-top

down, general equilibriutmacroeconomic modeMacro mode) of the U.S. economy and a

detailed bottorup model of the Nrth American electricity system (Ele Modelfhe NewERA

model is used to estimate impacts of command and control regulations and market based policies
on theU.S.economy as a whole and allisaggregateectos. In evaluating policies that have
significant impacts on the entire economy, one needs to use a model that captures the effects as
they ripple through all sectors of the economy and the associated feedback effects. The
NewERA modeling famework takes into accoutfieseinteractions between glarts of the

economy and the effects of sectoral responses to the policigarsmitted throughout the

economy The modelOs flexibility allows it to incorporate many different types of polatieb

as those affectinthe industrialenergy, environmental, financial, labor, and tax mattaggire

2 shows a high level overview of the NewER#odeling system.

Figure 2: NewERA Modeling Framework
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a)! U.S. General Equilibrium Model (Macro Model)

The Macro model is a forwaldoking dynamic computable general equilibrium model of the
United States. The model simulatesegbnomic interactions in the U.S. economy, including
those among industries, households, and the government. Industries and households maximize
profits and utility assuming perfect foresigiver the model horizonThe theoretical construct
behind thenodel is based on the circular flow of goods, seryiaed payments in the economy
That is every economic transaction has a buyer and a seller whereby goods/service go from a
seller to a buyer and payment goes fromhingerto theseller The modeincludesa
representativeouseholdn each regionwhich characterizes the behavad an average
consumer, and lindustrial sectorancluding resource producing sectomhich represent the
production sectors of the econonfyince the impacts on theduastrial sector is a key objective
of the study, we disaggregate the industrial sector into 10 manufacturisg&olbs consistent
with the Manufacturing Sector Energy Consumption SunMi£CS) sectorqBulk Chemical,
Cement, Fabricated Metal Products,tbtovehicle Manufacturing, Iron and Ste€ther
Energyintensive Manufacturing, Oth&on-Energylntensive Manufacturing, Pulp and Allied
Products, and Refiningfour other energy sectors (coal, natural gas, coiidend electricity),
three noAmanufaturing sectorsAgriculture, Construction, anélining), seethe following

section for a description of the model sector deitgils of each of the industriséctors
represented in the modéh the moel, thegovernment collectax revenues and returnsack

to the consumers on a lurspm basig? The U.S. economy is linked to the rest of the world
through trade in goods and servic&hanges in the international prices of goods and services
relative to the U.S. prices affect the exports and imporg®odfls and services. These changes
enable the model to compute global competitess of the U.S. industrigs

Households provide labor and capital to businesses, taxes to the goveamdesatvings to
financial markets, while also consuming goods sewices and receiving government subsidies.
Industriesproduce goods and serviagsing labor and capital apdy taxes to the government
Industries are both consumers and producers of céipgifals augmented to the current capital
stock throughnvestment. Within the circular flow, equilibrium is found whereby demand for
goods and services is equal to their supply, and investments are optimizedléorg term.

Thus, supply equals demand in all markets.

2 However, tax revenues collected through an equivalent ad valorem tax under the alternative scenarios are spent in
funding wasteful activities. The tax revenues are not returned to the government tthdtaac@ubeen used to
support government expenditures on goods and services and thus avoid raising labor and capital tax rates to
balance the governmentOs budget.

30We simulate similar policies using NERA Global,ERA model that models explicitly world remgis and able to
capture international prices and trade positions endogenously which are linked the, BFSA khodel.
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TheNewERA model is based on a unigset of databases that we construdtedhe benchmark
year of 201%y updating theeconomic datérom thelMPLAN 2008** databasand combining
with the energy data from EIAOs AEO 2016

b)! Electricity Model (Ele Model)

The bottoraup electricitysectormodel smulates the electricity markets in tbheS.and parts of
Canada. Themodel includesnore than 1000electric generating unitndcapacityplanning,

and dispatch decisions are represented simultaneously. The model dispatches electricity to load
duratian curves.The model determines investmetdsundertake and unit dispatch by solving a
dynamic,nonlinear program with an objective function that minimizes the present value of total
incrementabystem costs, while complying with all constrajistsch as demand, peak demand,
emissions limits and transmission limigd other environmental and electric specific policy
mandates The details in the electricity model allavgto analye the CPP, whichmits

emissions from the power sector, in agistent way for the study.

The integrated nature of the ERA model enables it to provide impacts on the electricity price
consistent with a realistic electric system representation; while being able to compute macro
economic impactsFor this studywe model toyear 2040 starting in 2016 in thrgear time

steps.

2. Sectoral Scope of the Model

In order to capture manufacturing at a subsector level and to have large heterogeneity in the
factors of production, we modeled the manufactusector in detail. We created 1édustrial
sectors of which five are energyelated sectors aridl are norenergy sectors. Industrial sectors
in the N.wERA modelare aggregated up from the IMPLAN database, which includes 440
sectors Of the 1Inon-enegy sectors that @ modeled, &remanufacturing sectors and the
other3 represenhon-manufacturing subsectors. The subsectors within manufacturing are
created in the model based on thkeeth American Industry Classification System (NAICS)
entitiesand consistent with the sectorstfare the focus of the MEG®nducted by EIA® The

%1 see www.implan.com.

32 &The North American Industry Classification System (NAICS) is the standard used by Federal statistical agencies
in classifying business establishments for the purpose of collecting, analyzing, and publishing statistical data related
to the U.S. business economy.O http://www.census.gov/eos/www/naics

3 O0rhe Manufacturing Energy Consumption Survey provides statistitseoronsumption of electricity and other

types of fuel. It also provides data on the capability of manufacturers to substitute alternative fuels for those actually
consumed, end uses, the extent to which enexigyed technologies are being used by mactufers and other

related topics.O http://www.census.gov/econ/overview/ma0400html
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manufacturing sector as a whole is represented by industrial entities contained in NAICS 31,
NAICS 32, and NAICS 33. These three NAICS secatorssist of all manufacting

establishments engaged in the mechanical, physical, or chemical transformation of materials,
substance®r components into new productBhe manufacturing sectors represented in the
model are briefly descrdn below.

Petroleum Refinery (Ol The péroleum refinerysubsector represents industrial entities
based on NAICS 3241. The subsector transforms crude petroleum and coal into useable
products. It is the third largest subsector among the manufacturing subsectors.

Paper and Allied Products (PARhe paper manufacturing subsector (NAICS 322)
makes pulp, paper or converted paper products.

Bulk Chemicals (CHM): In the chemical manufacturing subsector (NAICS 325), the EIA
has identified industries that manufacture bulk chemicals as emteggive. These

include inorganic (NAICS 325132518), organic (NAICS 32511, 32519), resin (NAICS
3252) and agricultural (NAICS 3253) chemical manufacturing.

Cement (CMT): The cement product manufacturing industries (NAICS 32731)
transforms mined or quarried nonmitaminerals, such as sand, gravel, stone, clay, and
refractory materials, into intermediate or final products.

Iron and Steel (I_S): The iron and steel mills and steel product manufacturing subsector
(NAICS 33113312) smelt and/or refine ferrous metatsnh ore, pig or scrap, using
electrometallurgical and other metallurgical techniques.

Fabricated Metal Products (FAB): The fabricated metal product manufacturing subsector
(NAICS 332) transforms metal into intermediate or end products or treats metals and
metal formed products with processes like forging, stamping, bending, forming,
machining, welding and assembling.

Wood Products (WOOQO): The wood product manufacturing subsector (NAICS 321)
manufactures wood products such as lumber, plywood, veneers, wadadeos, wood
flooring, wood trusses and mobile homes, and prefabricated wood buildings.

Other Energyintensive Manufacturing (OEM): Aluminum (ALU) represents the
industrial entities based on NAICS 3313. Glass and glass products (GLS) represent the
indudrial entities based on NAICS 3272.

Other NonEnergylIntensive Manufacturing (ONM): This sector includes the following
other MECS sectors:
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Food Products (FOO): The food manufacturing subsector (NAICS 311)
transforms livestock and agricultural products ifmod products.

Computer and Electronic Products (CMP): The computer and electronic product
manufacturing subsector (NAICS 334) manufactures computers, computer
peripherals, communications equipment, and similar electronic products or
components for sugbroducts.

Machinery (MAC): Industries in machinery manufacturing subsector (NAICS
333) create end products that apply mechanical force to perform work.

Electrical Equipment (ELQ): Industries in the electrical equipment, appliance and
component manufactuignsubsector (NAICS 335) manufacture products that
generate, distribute and use electrical power. Products in this subsector include
lighting equipment, household appliances, electric motors, generaitiesjds,

and wiring devices.

Transportation Egpment (TRQ): The transportation equipment manufacturing
subsector (NAICS 336) produces motor vehicles, body, trailer and parts of motor
vehicles, aerospace products and parts, railroad rolling stock, and ships and boats
among others. The TRQ sector onigludes transportation parts production but
excludes personal motor vehicle production.

Plastic and Rubber Products (PLA): The plastics and rubber products
manufacturing subsector (NAICS 326) makes goods by processing plastic
materials and raw rubber.

Balance of Other Manufacturing (OMA): All remaining manufacturing subsectors
are grouped into the category OBataof Other ManufacturingChis category
includes industries like furniture manufacturing (NAICS 337), fine chemical
manufacturing (NAICS 326D3256, 3259), beverage and tobacco product
manufacturing (NAICS 312), textile and textile product mills (NAICS-313),
apparel manufacturing (NAICS 315), and printing and paper manufacturing
(NAICS 322323).

The other sectors in the model are RediderCommercial, and the Transportation sectors. The
transportation sector in the model is represented by two types of transportation services:
Commercial transportation which includes air, rail, and water borne transportation services and
the Trucking ector. The detailed sectors in the model are classified into four broad sectors. The
manufacturing sectors, transportation sector, other sector, and the power sector are referenced as
IND, TRN, OTH, and ELE, respectivelylablel1 belowprovidesthe sectoral composition

details.
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Table 1: Sectoral Composition

Manufacturing Sectors:  Transportation: TRN Other Sectors: OTH Electric Sector: ELE
IND

¥ Paper and Allied ¥  Personal Transportatiot ¥ Residential ¥ Electricity
Products (PAP) ¥ Commercial ¥ Commercial (SRV)

¥  Bulk Chemicals (CHM) Transportation (Sea, Ai ¥ Agriculture (AGR)

¥  Cement (CMT) and Rail) (TRN) ¥ Construction (CNS)

¥ Iron and Steel (I_S) ¥ Trucking (TRK) ¥ Mining (MIN)

¥ Refining(OIL) ¥ Coal (COL)

¥ Motor Vehicle ¥ Natural Gas (GAS)
Manufacturing (M_V) ¥ Crude Oil (CRU)

¥ Fabricated Metal

Products (FAB)
¥  Wood Products (WOO)
¥ Other Energyintensive
Manufacturing (OEM)
Aluminium
Glass and Glass
Products
¥ Other NorEnergy
Intensive
Manufacturing (ONM)
Food Products
Computer and
Electronic Poducts
Electrical
Equipment
Machinery
Transportation
Equipment
Plastic and Rubber
Products
Balance of
Manufacturing

3. Model Baseline

For the scenarios, all impacts are measured againsiaseline, which is primarilyalibrated to
the EIAOs AEO 2016 Reference Case without the*€FRis scenario includes a set of rules
and regulations that are on the books as of late.2015,our baseline incorporatéise specific

34 We omit the CPP in the baseline because the U.S. Supremeg@mied a stagn Februay 9, 2016 haltinghe
implementation of the EPAOs CPP pending the resolution of legal challenges.
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measures explicitlpr implicitly. In particular, & current statdevel RPS programand the
California AB 32 policyare represented in the electric sector. The transport@oborbaseline
includes arrent CAFE regulationational program fordavy-duty vehicle GHG emissions
andfuel efficiency sandardslower biofuel targets consistent with what appears achievable
given recent EPA waivers and adjustments to the statutory tarffe¢sbaseline for the Other
sector includes appliance, equipment, and lighting ereffgciency sandardsbuilding energy
codes landfill air regulations (@ergy production)and federal mergymanagementrpgram
Industrial sector incorporatesw source performancéandards for petroleum refineriaad
federalair standards for oiand natural gas sectors

a) Economywide Baseline Emissions Projection

The economic impacts on the industrial sector of a GHG policy depend critically on the
difference between the emissions that would arise without the policy and the level of emission
reductons required by the measures. The baseline describes how GHG emissions would evolve
in the industrial sector under current law. That is, the baseline reflects how the level of
emissions changes over time in the absence of any GHG abatement measures.

We incorporate many of these measures into the baseline by calibrating the growth in sectoral
GHG emissions and energy use to that of AEO 2016 Reference case without CPP and develop
baseline notCO, GHGs based othe USSBR2016.

The emissiongrajectories ér the €onomy wide baseline shown kilgure3 arecalculated as the
sum of economywide CO, emissiondrom fossil fuel combustion, industrial process emissions,
andnonCQO, emissionsThe CQ emissions represented in the baseline equal the sum of the
energyrelated CQemissions from the residential, commercial, industaiadl the transportation
sectors.These include emissions from both the burning of fossil fudspurchased electricity
as well industrial process G@missions” Emissions associated with feedstock, especially for
the Chemicals and Iron and Steel sector are excluded from the baselieen{S§lonsin the
baseline economy wide GHG emissions @&ensto rise from around3,4 million metric tons
carbon dioxide equivalentm(MTCO.e) in 2016to around &55MMTCO.e in2040 at an

annual average growth rate 0B6% per year.CO, emissions andon-CO, emissions are seen
to grow at (34% and0.46%, respectively.

52016 Second Biennial Report of the United States of America under the UNFCCC, 2016.
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Figure 3: Trajectory of Economy-Wide Baseline GHG Emissions
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With respect to the industrial sectors, baseling @@issions from the nemanufacturing
industries increase from aroutdl MMTCO-e in2016to around210 MMTCOze in2040 at an
average annual growth rate 086% per year.The largestontributorto the emissionss the
mining sectoraccounting for nearly2 of the total emissions 2040 while emissions from the
construction sectas seen to havihe hghestgrowth rateat 1.748% per year fron2016to 2040.

CO, emissions from the manufacturing industriesngfrom 822 MMTCOze in 2016to nearly
1,234MMTCOze in 2030 at an average annual growth ra@ @6 per year.The largest
contributor to the emissionsthe bulkrefining sector accounting for nearB1% of the total
emissions irk040. Of the various suectors, the ONM subector comprised primarily aion
energy intensive manufacturing exhibitbe highest grwth rateof 1.82%6 per yeafrom 2016 to
2040.The CQ emissiondrajectory for the two indstry categories are shownfigure4.
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Figure 4: Trajectory of Baseline CG, Emissions bylndustrial Sector Category
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b)! Industrial sector 2005 fossil fuel combustion emissions and
forecast till 2040

To compute théaseline C@emissions from fossil fuel combustion in 2005 for the industrial
sub sectors, @/itake the aggregate 2005 £fnissions for the aggregate industrial sector from
the EPAOs Inventory of U.S. Greenhouse Gas Emissions and Sinks as our starfifhig\mint.
distribute the aggregate industrial emissions using the energy consumption shitaes fo
industrial subsectorbased on the last year (AEO 20R8&ference case) for which EIA produced
industrial subsector energy consumption data for 200bese shares are then used to distribute
the aggregate C@missions among the various sectorscakding to the 5. GHG Inventory
report, the C@emissions from fossil fuel combustion in 2008re828 MM TCO, while from

the AEOOs 20@eference Case, the total industrial sector emissions from fossil fuel combustion
werereported to be 1,@MMTCO,. The estimates for Cemissions for the various industrial
sector categories by faisfuel are outlined iMable2.

% We devise this approach to estimate carbon emissions by fossil fuels for each industrial sector consistent with the
aggregate AEO totals in the absence of detailed projections by sector.
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Table 2: Baseline CQ Emissions in 2005 from Fossil Fuel Combustion by Industrial Sector
and Fuel Type (MMTCOy)

AGR CNS MIN OIL PAP CHM CMT I_S WOO FAB M_V OEM ONM

Total 58.6 63.7 465 2247 600 1416 351 99.9 3.7 13.3 113 232 2281

Petroleum 53.6 57.1 36 1606 111 304 5.5 10.0 0.9 0.9 0.5 4.2 28.2

Natural

Gas 5.0 6.6 420 571 241 863 1.0 31.0 2.7 11.7 104 155 1383

Coal 0.0 0.0 0.9 7.0 248 249 286 589 0.1 0.7 0.4 3.5 61.6

We useasimilar approach to estimate the projected €Qissions from fossil fuelombustion

for the industrial sector. We use the AEO 20160s Reference Case without CPP Ghtook
baseline emissions from fossil fuel combustion are showialite3. We use the energy
consumption byheindustrial sector and fuel source from AEO 20160s Reference Case without
CPP to calculate the projected share of energy consumption for each sector Byhgsar.

shares are then used to distribile aggregatadustrial CO, emissions among the various
sectors by yearFrom the CQemissions calculated for each sector; the emissions by fuel type
for each sector are calculated by multiplying the sectoral emissions by the ratio of the energy
consumption for the fuel type to the total energy consumption for the s&atsed on our
approach, theCO, emission estimatesbtainedfor the various industriadector categoriesre

shown in AppendixC. We also estimate baseline carbon intensities for each of the topic
industries and provideshort description of it i\ppendixC. Table3 outlines the projected
economy wide Cg@emissions by fossil fuel type.
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Table 3 : Projected CO, Emissions from Fossil Fuel Combustion and Fuel Tpe
(MMTCO )

2016 2019 2022 2025 2028 2031 2034 2037 2040

Total 992.8 1039.1 1083.3 1127.2 1144.3 11629 1183.8 1207.1 1234.2
Petroleum 323.9 3447 357.1 3694 369.1 3704 371.2 3734 3783
Natural 5135 539.6 567.7 590.7 6062 6235 644.6 6664 6883

Gas

Coal 1555 1548 1585 167.0 1690 1690 167.9 167.3 167.6

5% & () &Y%+ (- 150 %
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IV.! DESCRIPTION OF SCENARIO DESIGN
A.! Introduction

The following slate of scenarios is designed to bracket the potential economic impacts on the
industrial sectors and the economy as a whola the U.S. reducing its GHG emissions. The
basc scenarios are constructed such thatU.S. as a whole ultimately meets its NDC emission
target. Since the Obama Administration has taken the course of implemen@Adpitisrough

direct sectoral redations, rather thathroughbroader markebased (i.e. capndtrade or

carbon tax) measures, we desigoneof our scenarios to illuminate the impacts of those types

of measuresAlso, 0 help understand the feasibility and the costs of various prdeosission
reduction measures, we construcsednarios that imposkese emission reduction measures
without a requirement that U.S. emissions meet its NDC targets with and without trading across
specific and broad sectin the model. Some commentees/b suggested that Section 115 of

the CAA, titled Olnternational Air PollutionO provides a hiasishieve climate change godls

It is claimedthat EPAcould create a nationwide cap and trade program under this section of the
CAA, because it gives EPAdad authority in dealing with pollution that crosses international
boundaries and for which other countries have agreed to reciprocal #@malso been

suggested th&PA can also incorporate existing rules and any future regulations to limit GHG
reduction in a system established under Section TIbaddress this option, we have designed a
scenario with a nationwide cap and trade program based on the US NDGntadpition to
specified regulatory programs. The following sections describe hosstiveated the NDC

targets for each scenario.

A.!  Sectoral Emission Targets Derived from NDC

The U.S. NDC calls for econorrwide GHG reductions of 26% to 28% below 2005 levels by

2025. The scenarios analyzed are intended to study a range of reasonablequeghshich

the Executive Branch may seek to meet the NDC. For example, thedul&take the

percentage reduction in emissions promised irJtise NDC to computeanoverallemission

target forthe economyas a wholgincluding the industrial sectotJnderthis approacha mass

based goal for the industrial sector wouldsbeto achievéhe same percentage reduction as the
mid-range of theverall US. NDC target(27%). TheNDC target calls for reductions to begin
immediately; therefore, emissions from the industrial sector would experience a sharp decline by
2019. In setting these targets we include only emissions from combustion of fossil fuels.
Changes in process emissi@me accounted for separately on an aggregate basis.
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The 2005 emission levels for the electric, transportation, industrial, residential and commercial
sectors are derived from EIAOs Monthly Energy RevieBmissions from the electric sector
amount to 2,4186AMTCO.. Total direct emissions from the industrial sector amount to 1,006
MMTCO,, We distribute the total emissions among the manufacturing anthaoofacturing
industrial sectors based on the shares of the emissions from these industry categoeesimeport
EIAOs AEO 2008 Reference Case. This yields emissions of 841 MMRGQ65 MMTCQfor

the manufacturing and nemanufacturing industry categoriegspectively. For the

transportation sector, direct emissions for 2005 amount to 1,981MMTEsubtact

emissions from the use of international bunker fuels equal to 114MMDI@&ined from the
USSBR 2018J.S.to get emissions of 1,897MMT G®or the residential and commercial
sectors, the total direct emissions equal 592MMT.CO

Non-CO, emissions for @05 are obtained from EPAOs GHG inventory. Emissions from methane,
nitrous oxide, hydrofluorocarbons, perfluorocarbons and sulfur hexafluoride amount to 717
MMTCO2 398MMTCO;, 120MMTCO,, 7 MMTCO; and 14MMTCOzrespectively.

Sequestration levels for 20@%e obtained from EPAOs GHG Inventory and equal 698 MMTCO
which represent the net sum of all emissions from the LULUCF sector (sources) plus removals
of CO, from the atmosphere.

We calculate the overall emissitargets forsectors other than electric pemthat would be

required nationwide to achieve tN®C goal in each year from 2019 onwards. In this

calculation we credit the electric powesector withonly the emission reductions estimated for

the CPP*® The CPP is a nationwide regulation underti®ec111(d) of the CAAhat regulates
existing electricity generating units, specifically fossil ffisdd steam units and combinegicle
combustion turbines. The rule provides two compliance structures, one based on meeting state
specific emission rateipounds of C@per megawathours (Ibs/MWh) and the other based on a
CO, cap for total emissions from the regulated generators in each state (Omass capO). Each stateC
mass cap is based on EPAOs assessment of the emissions that would be equorlgying c

with the stateOs ratased limit. The limits, rater massbased, are phased in from 2020 through
2030. The rule also allows state to trade with other states that elect the same generic regulatory
option. According to EPAOs estimates, the CPRaesillit in U.S. power sector G@missions

in 2030 that will be 32% below their level in 2005. We assume trading across all states and an
emissions cap of 1,800 MMTG@n 2020 decreasing to 1,583 MMTG6y 2030. Beyond

3 Monthly Energy Review, U.S. EIA, October 20¥8:ailable:
http://www.eia.gov/totalenergy/data/monthly/archive/003516210.pdf

%9 This scenario does not assume that the stringency of the CPP would be increased. Thus all the burden of
complying with the INDC would be undertaken by the industrial sector.
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2030, we lower the target lineatijt 2040 so that it follows the trajectory of a linear decline to
80% below 2005 levels by 2050

For the transportation sector, we assume that Phase 2 Standamdisiai@effect. The proposed
Phase 2 standardssued by the EPANd the National HighwaTraffic Safety Administration

(NHTSA) in July 2015 addresses specific vehicle categories including combination tractors,
trailers, heawyduty pickup trucks, vans and vocational vehiéfeghe proposed Phase 2

rulemaking establishes a second round ofddeds for GHG emissions and fuel consumption by
medium and heawyduty trucks. The proposed Phase 2 standards take effdodiel Year

(MY) 2021 (or MY 2018 for trailers) and increase in stringency through MY 2027.Under the
Phase 2 standardsveragduel economy increases for all new vehicles covered by the standards
For the scenario, we assume the transportation sectorOs emission trajectory consistent with EIAOs
AEO 2016Phase 2 standards side case. We as&lA®s emissions pathway #025 andhen
post2025, the emissions trajectory follows a linear path so as to achieve the target of 80% below
2005 levels by 2050.

For the rest of the other economic sectrssidential, commercial and nomanufacturing

sectors represented by the OOtherQusd©TH), we assume that these sectors will not be under
any emissions progranustil 2025. Hence we assume that the emissions to remain at the

baseline levels until 2025. Post 2025, these sectors also share the same burden as other sectors
and hencedilow a similar trajectory to achieve the target of 80% below 2005 levels by 2050.

The target for the industrial sector emissions from fossil fuel combustion in 2025 is set to
achieve the overall emission reductions required to meet the overall NDGC #digyetaking into
account the estimated effect of reductions in process emissions, mitigation of emissions of other
GHGs, and sequestration.

COy-industrial processes and other £gissions, excluding neenergy use of fuels, are
assumed to be declime proportion to reduction in the overall industrial emissions from fossil
fuels We use theatio of process tondustrialfossil fuel emissiong 2005 and apply this ratio
to forecasted industrial emissions from fossil fuels to arrive at the trajexdtorgustrial process
CO; emissiond” With theexception of HFCghe emissions targets for all n@0, gasedise

“0U.S. Environmental Protection Agency and National Highway Traffic Safety Adtration, "Greenhouse Gas
Emissions and Fuel Efficiency Standards for Mediamd HeavyDuty Engines and VehiclBPhase 2"
(Washington, DC: June 19, 2015), http://www.nhtsa.gowéeeinomy.

*1 This assumption is conservative in regards to the cost te abassions. Based on our discussions with industry
experts, process emissions per unit of output are fixed in all industrial sectors, so that only combustion emissions
can be reduced to meet targets without reducing output. That is, fossil fuebesissn decline faster than output
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the 2013 emissions outlined in EPAOs GHG inventory as our starting point. We then-use inter
temporal growth ratesf non-CO, emissions baseoh the USSBR 20160 calculate emission
targetdtill the last reported year @030%? Beyond 2030, we assume that 06, emissions

also decline linearly to meet 2050 reduction target. We assume the reduction taffel oy

be consistent with the radtion target proposed during tkegali climate talks held in October
2016 We compute the target based on a reducti@bofit 186 of 2012 levels by 2038 Post

2036, we hold the HFC emission level constant @@4Q

Emissions frorLULULCF arechallenging to estimate atighly uncertain A particular

challenge in estimating LULUCF is thabwernment estimates of future and even current
LULUCF offsets have varied widely over the past few yeawcording to EPAOs U.S.
Greenhouse Gas InventoiyJLUCF activities in 2005 resulted imet sequestration of 698
MMTCO,e. We use the growth rates for the high and the low sequestration projection ranges
reported in th&JSSBR 20180 project 2005 EPAOs sequestration level till 2030. Beyond 2030,
we assme the net sequestration to remain constatfiet030 level. Based on these ranges, we
construct an average sequestration projection by averaging the high and low net LULUCF levels.
For the study we used the high and the average level of net sequestragflect uncertainties

in LULUCF. ** Table4 presents the avage and high net sequestration leved the use to
calculate emission targets.

Table 4: Range of Emission Reductions from &juestration (MMTCO2e)

2015 2020 2025 2030
Averagesequestration 793 963 908 774
High sequestration 801 1,028 1,037 964

Based on the modeling assumptions about the emissions reduction from different sectors of the
economy, the industrial sector is responsible for reducir@®semissions from fossil fuel
combustion relative to its 2005 level in 2025 by 38% and 27% if average and high net
sequestration assumptions are used respectively.

through substitution of lower emitting energy sources (e.g., electricity) for higher emitting sources (e.g., coal) so
allowing process emissions to be reduced faster lowers the cost of abatement. .

22016 Second Bienni&eport of the United States of America under the UNFCCC, 2016.
*3 http://www.nytimes.com/2016/10/15/world/africa/kigaleathfc-air-conditioners.html?_r=0

“4We do not include low sequestration reported in the USSBR 2016 for the study, which would angér gap
and a much more stringent target for the industrial sector.
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Table5 belowsummarizeshe baseline emissionDC emissions target in 2025, and targets in
2040 and 2050 to meet the deep decarbonization target of 80% reduction for two different net
sequestration assumptions.

The emissions reduction targets can be niegetigh either market based approaches or
commanedand-control regulatory measure approaches. For this study, we design different
scenarios to reflect different ways in which reduction programs might be implemented or
regulated. We model five scenaridsahich three scenarios are market based approaches, one
scenario is designed to reflect regulatory measures approach, and a final scenario that combines
layers regulatory measures on top of aaagtrade approach, a hybrid approach. We include
flexibility in the policy by allowing trading across the sectors and also provide range of impact
estimated for two different levels of sequestration for theacatrade scenarios.
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Table 5. Emission Targets by Major Sector (MMTCO€)

!
Baseline Average Sequestration High Sequestration
2005

2025 2040 2025 2040 2050 2025 2040 2050

Total CO, from
Energy (Less 5,880 5,251 5,340 4,577 2,564 1,683 4,674 2,715 1,835
Bunkers)

Power Sector 2,416 1,909 1,959 1,677 1,046 691 1,677 1,092 753

Industrial 841 929 1,024 521 328 241 618 369 262
(Manufacturing)
Transportation 1,867 1,667 1,599 1,633 835 534 1,633 880 582
Other (Res, Com,
Non- 756 745 757 745 355 217 745 374 237
Manufacturing)
Industrial
(Process and 237 277 316 159 95 68 192 108 74
Other CO,)
Non-CO, 1,256 1,403 1,486 1,043 550 359 1,043 579 392
Methane 717 765 792 620 319 205 620 336 224
Nitrous Oxides 398 381 377 318 172 114 318 181 124
Hydro- 120 244 290 93 26 26 93 26 26
fluorocarbons
Perfluorocarbons 7 5 13 4 3 2 4 3 2
Sulfur
Hexafluoride 14 9 13 8 S 4 8 6 4
TOSL%;OSS 7373 6931 7,41 5779 3210 2110 5912 3,404 2,299

Sequestration (698) (908) (563) (908) (774) (774) (1,037) (964) (964)

Total Net GHGs 6,674 6,023 6,578 4,871 2,436 1,336 4,875 2,440 1,335

Reduction vs.
2005 Net GHG -27% -64% -80% -27% -63% -80%
Levels

Source: EIA AEO 2016, 2016 Second Biennial Report of the United States of America, U.S. GHG Inventory 2016
and NERA Estimates
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B.! Scenariosfor Policies to Achieve Targets

In every scenario, we assume that sequestration and controls on emissior€ 0% BHGS

contribute to achieving the overall target, but we assign no cost to these measures. Therefore,

the actual cost of sequestration and control of@@a GHGs are in addition to the costs

estimated inhis study. Table6 provides a summary of the scenarios and the following sections

describe the scenarios in more detail.

Table 6: Scenario descriptions and policies applied to each broad sector

] .
Trans- Trading 1;;’;((1)'29
Scenario Scenario Industry  Electric ortation Other among in dustrigl Sequestra
No. Description  Regulation (IND) (ELE) P (OTH) broad tion
(TRN) sub-
sectors
sectors
0 Baseline Consistent with AEO 20160s Reference Case without CPP
Broad
Broad sector Average
1 specific cap  NDC CPP NDC NDC No Yes 9
Sectoral Cap and High
to meet
NDC target
NDC cap
2 IND Sector . on th? NDC None None None No Yes Average
Cap Only industrial
sector
CAFE
Maximum Energy Standards Building
: Command Intensity Extended and
3 Direct - Energy N/A No None
and Control Improve CPP Efficiency L
Measures Efficiency
ments Improvem
ents
Sector sNZiif?:f:t;r NDC by
4 -C P P sub CPP NDC NDC No No Average
Specific Cap to meet the Sector
NDC target
Cap & Trade CAFE
Cap and Energy Standards -
Approach g Building
. Trade + Intensity Extended and
5 with " Energy Yes Yes Average
Command Improve CPP Efficiency .
regulatory Efficiency
and Control  ments Improvem
programs
ents
1) Scenario 1- Broad Sectoral Cap

Emissions caps are set for each of the four broad sé&xidi3, ELE, TRN, and OTH at levels
specified inTable5 above. By applying the cap to a broad industrial sector that includes all the

5% & () &Y%+ (- 150 %
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targeted subsectors, we assume that the regulators succeed in identifying the least cost mitigation
options forall firms within each broad sector. Since the caps for each sector are set separately
and no trading (NT) is allowed among the broad Industry, Transportation, Electric Power, and
Other sectors, there will be a suboptimal allocation of effort acrossuhérmad sectors. We

assume that there is trading between the industriatsciors. These caps are for all.CO

emissions from the sector; therefore indirect emissions from generating electricity used by the
industrial sector will be excluded from itmessions. This scenario captures both the direct

effect of regulating industrial sector emissions as well as the indirect effects of regulating
emissions from the other sectors (e.g., higher electricity prices seen in the industrial sector from
capping etctric sector emissions under CPP).

2. Scenario 2- Industrial Sector Only

In order to isolate the cost of industrial sector emission reductions, we impose only the Scenario
1 Industry cap and impose no additional regulations from those in the baselihetberal

sectors including electric poweThis scenario compared 8cenario 1 highlights the effect of
having a broader cap and its effentthe tradeoff betweermanufacturing gooddemand As

with Scenario 1, we allow trading between the industnidg-sectors.

3. Scenario 3- Direct Measures

Direct measures, regulatory measure, listed below are applied to all sectors to the extent deemed
feasible based on EIAOs estesaising the AEOOs side cases. These direct measures were
constructed to design ag@atory approach systefhe direct measures could be quite costly,

but direct measures that would automatically force a shut down in production are excluded (e.g.,
direct measure that mandate reductions beyond what is technologically achievable). The
saenario applies specific direct measures to each subsector. In particular, we impose regulatory
measure that requires the process industries to improve its energy intensity, fuel economy
standard for light duty vehicles and heavy duty trucks, increasestdRgency, a more stringent
renewable portfolio standard on the electric sector, and reduction in building sector energy
consumption. The details of these direct measuresdesi@ibed in detailed in Appendix

4) Scenario 4- SubsectorSpecific Reguation

In light of the results of Scenario 3, we find that identifiable direct measures are insufficient to
achieve the required reduction in emissions for the industrial sector and for the economy overall
to meet the NDC target. In Scenario 4, we represee unknown additional direct measures to
achieve the NDC targets through a cap on each of the industrial subEdatmrsated metal

products (FAB), wood products (WOO): petroleum refining (OIL), chemicals (CHM), iron and

steel (1_S), cement (CMT)aper (PAP), other energy intensive manufacturing (OEM), and other
nonrenergy intensive manufacturing (ONMBAat levels that would achieve the required

percentage reductions in each year. Each subsector of industry is assigned the same percentage
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reductionthat is applied to the industrial sector as a whole in Scenario 1, and each broad sector
(TRN, OTH,and ELF is assigned the same percentage reduction that Scenario 1 assigns. This
scenario forbids trading acrassbsectorsWe believe that this subsectspecific scenario

captures as realistically as possible the nature of regulations that EPA would issue under Section
111(d) if EPA were to follow a Clean Power PHike approach to regulation

5. Scenario 5- Economy-Wide Trading with Direct Measures

This scenario assum#satEPAwill depart fromts existing authorities under CAA and claims
broad authorityto create an economyide cap and trade prograrVhile thelegality ofwhether
EPA has such authority still up for debatenumerous stakeholdenave suggestettian an
argument for such authority could be made under G&ation 115.1f EPA were to attempt to
do so, it is likely that thewould be requiredo instruct states to includ@HGsin State
Implementation Plas(SIP). .

In this scenariowe assume that all states and sectors trade carbon allowances in a single
nationwide market while meeting the direct measures identified in Scenario 3. Each state is
assigned a cap in 2025 equal to 27% of its 2005 emissions, declining linearly frono B@ye

below by 2050. To be consistent with the timing and carbon prices of the regulatory scenarios,
we assume no banking is allowed/e also assume that all the direct measures included in
Scenario 3 would be maintained in force.
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V.l NATIONAL STUDY RESULTS

This section discuss in detaithe national impacts across all six scenaaaslyzed in this

study. The changes in impacts are reported relative to the baseline that is absent of the policy.
We first discuss the impacts estimated for the core scenario, Scenario 1. We highlight impacts
on theCO, emissionshangesandcarbonpricesby sector;,changesn fuel consumptiorby

sector changesn electricitygeneratiormix, changesn income(or consumptionperaverage
householdgrossdomestigproduct(national) changesn industrialoutput changesn costof
productionby industry, employmentimpacts(by sector) changesn importsandexports
internationatompetitivenessf domestiandustries andinternationalemissiondeakage

In the absence of a uniform economide program, cmparng Scenario 1 to the baseline gives

a lower bound on the cost to meet the central range of the nationwide NDC target of 27% relative
to 2005 level in 2025. The section on Scenario 1 results, discussed below, highlights the
relationship among the differemtacroeconomic metrics as well as the relationship of these

metrics to the sectoral results. Since these relative relationships are similar across Scenarios 1
and 2 and for the two different levels of sequestration, these detailed results are reppfted onl
Scenario 1 undgheaverage sequestration assumption.

Comparing Scenario 2 to the baseline gives an estimate of the cost of industrial sector
regulations taken as a standalone package. Comparing the standalone cost of industrial
regulations toltte cost of economy wide regulation of broad sectors in Scenpravitles a
sense ohow much of the cost of including all sectors of the econcomyes about from
regulating emissionis the industrial sector.

Comparing the emission reductions in Scenario the 27% NDC target in 2023dicates the
feasibility of meeting that target throudirectmeasures that do not require shutdown of
establishments or industries.

Comparing Scenario 4 to the baseline gives an estimate of the cost of meeting thed¢RC ta
with regulations sufficient to bring each subsector into compliance with its sectoral NDC targets
on its own. We believe this is still an underestimate of the true cost of a fully regulatory
approach that purports to regulate at a facility [&eshuse scenario dssumes perfect trading
among establishments within the subsector and no other costs arising from distorted incentives
created by regulationgzurthermore, this scenario still applies emissions targets at a bread sub
sector level.

Comparimg Scenario 5 to the baseline provides estimates of the minimum cost that might be
achieved with a full economyide cap and trade systeamconjunctionwith Scenario 3
regulatory measurdbat impose a cap and trade systéivie offer no opinions on the lalify of
such an approach, but note that working tigio SIPgoses a significant risk of introducing
barriers to trading and inefficiencies into the system.
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Last,by comparing the results of scenario 1 under the average and high sequestration levels, we
evaluate the impact of allowing larger amounts of sequestration or offsets to be used.

A.!  National Results
1) CO; Emissionsand I mplicit Carbon Prices

The cost and burden of reducing emissions to a specified percentage below 2005 levels will
differ across sectors dependingtbgir baseline growth in emissions, intensity of energy usage,
and opportunities for reducing emissions.

The percentage reduation emissions relativio the current plicy baseline (BAU) is shown in
Figure5 for eachof thefour broadsectors. This chartrevealsthattheindustrialsectorhas the
highestbaselineemissiongrowth,andthereforemustmakethe greatesteductiongo achieve
theNDC targets.In 2025,thereductionfor theindustrialsectoris about44 percentrelativeto
thebaselinewhichis abouta 38% reductionfrom the 2005levels.

Figure 5: Emission Reductiors for Broad Sectors
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Althoughthe scenariosreintendedo representhe outcomef aregulatoryapproactio
climatepolicies,we canusesedoral carbonpricesthatresultsfrom sectorspecific carboncapas
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proxies forthe cost to reduce emissiomsder regulatory scenario§Vhenwe represent the goal
of a regulatory program as a specific limit onigions in each sectowe can estimate the
marginal cost of achieving that targeéth no capandtrade policy in placacross the broad
sectorsout withtradingamongthe industrial subsectarslhe resulting implicit @rbon prices
serve as indicators of the relative difficulty of achieving the specified caps in different sectors.
Figure6 reveals thathe specified targets for the four sectors become a challenge for some
sectordong beforeothers. TheNDC targetfor the electric sectorcanbe metatrelativelylow
costbecausef opportunitiego switchfrom high emitting coalfired generatiorto lower
emittinggasfired andrenewablegeneration.Gasfired generatiorbecomesnuchlessexpensive
whenothersectorsareregulatedbecause¢heypredominatly usenaturalgasin thebaselineso
regulatingthesesectorgeduceslemandor naturalgasandhencethe price of naturalgas.

Figure 6: Carbon Price by Broad Sector
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Thetransportatiorsectorwill overachievethe NDC targetuntil 2028becausef current
transportatiomegulationge.g.,CAFE anddieseltruck regulations)n the baseline But
achievingfurtherreductiondrom theseprogramsecomegjuite costlyasseenby therapidrise
in allowancepricesafter2028. Thehigh allowancepricesalsosuggesthattherearelarge
hiddencostswith the currentregulations.Emissionreductionan thetransportatiorsectorcome
for lesscostfrom personalehiclesthantrucking. Emissiondrom truckingdeclinelittle from
2015levelscomparedo the percentageeductionin emissiongrom light duty vehicles(LDV ).
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Existing efficiency standardmd lower demand for servickeep emissions from the OTH
sector below its cafhrough 2025 By 2028 though, the current (and pospd) standards are
insufficient, leading to a binding carbon cap from this point onward. Reducing emissions
becomes costly, but less so than in the TRN séeicause of iteelatively lower energy
intensity,

The IND sector, whicleould faceregulationin the future will have the most difficulty achieving
the targets, which will be binding immediately and become more and more costly while other
sectors need make little or no additional effort to achieve the targets in the near term. The
carbon pricen 2019 starts at $140CO,and reaches $3B0CO;, by 2025. It gradually ramps up
to exceed $500CO; in the out years>

2. Energy Consumption

Demand for energy, especially fossil fuelsgclinesin all sectors of the economy. Since coal is
highly carbonmtensive thecost of using coal increases significaral/the targets decline

resulting in switching away from cotd other sources of energyall sectors of the economy.
Overall, economywide coal consumption declines by abou¥@6f which a large art of the

reduction in coal demand comes from the electric sector (80 percent) because the power sector
switches from coal to relatively cheap natural gas. Petroleum productsambibke second

most carbon intensive decline by abot While natural ga demand declines by about4

570 the best of our knowledge, we are unaware of other studies that have estimated sectoral carbon prices for such
deep decarbonization scenarios conducted in this study. Howeveratheseveral model comparison exercises that
haveestimate carbon prices for anonomywide 80% reduction type of scenaridhese include: (iElmar Kriegler

& John P. Weyant & Geoffrey J. Blanford & Volker Krey & Leon Clarke & Jae Edmonds & Allenéiagc

Gunnar Luderer & Keywan Riahi & Richard Richels & Steven K. Rose & Massimo Tavoni & Detlef P. van
Vuuren, OThe role of technology for achieving climate policy objectives: overview of the EMF 27 study on global
technology and climate policy strategi® Climatic Change, 1234%353367! April 2014 found 2050 carbon

price to range from $100 to $940 per wfinCO2; (ii) Clarke, L., A. Fawcett, J. McFarland, J. Weyant, Y. Zhou,
2014. Technology and U.S. Emissions Reductions Goals: Results of theZ£EM&d2ling Exercise. The Energy
Journal. Vol. 35, No. Sfbund that 2050 range from $65 to $1460 per ton of;@@&d (iii) Riahi K., E. Kriegler, N.
Johnson, C. Bertram, M. Den Elzen, J. Eom, M. Schaeffer, J. Edmonds, and et al. (2015). Locked intg&wopenha
Pledges Implications of shorterm emission targets for the cost and feasibility of itargn climate goals.
Technological Forecasting & Social Change d2Bshowed thaimodeled carbon prices for the 450 ppm scenario
for some of the models exceed&tb00 per ton of CO
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2025. Petroleum products demand declimetess thamatural gas because the carbon

restriction only becomes constrained in 2028 and beyond hence the transportatiameselctor
notreduce demand for petroleum productsomply with the pre2028 targets As the carbon

cost rises significantly in the transportation, demand for petroleum products decreases
significantly. Overall, petroleum products demand declines by abétbdCverage relative to

the baseline betweer®24 and 2040. Overall economy wide natural gas demand decreases by
about 1% in 2025. Since the industrial sectothgonly broad sector that is carbon constrained
in 2025, a large part of the natural gas demand reduction comes from the lower ttemathds
sector. In 2025, only% of the total demand for natural gas comes from the electric sector while
theremaining 95% of thdemand reduction comes from the redactric sector.

In the long run natural gas becomes more favorable to the electoc wébtmodest carbon

prices hence natural gas demand in the electric sector increases on average byalbouthe
natural gas demand in the relectric sectqrespeciallythe industrial declines significantly.

Overall demand for natural gas in theonomy declines by about%n average between 2034

and 2040. As an aggregate, final fossil energy sectors, coal, natural gas, and refined petroleum
products, decline the most with the order of decline directly correlated with carbon intensity in
the long run.

Since the increase in the cost of electricity much smaller than the increase in the cost of fossil
fuel use for the industrial sector, the industrial sector in particular undertake some fuel switching
from fossil fuels to electricity. This switalg mitigates the drop in electricity demand caused by
lower output and economic contraction. Total electricity demand loss in 2025 is about 3 percent;
and in the long run, the loss in demand is about 10 percent, a much smaller loss compared to the
other bssil fuel demand=igure7 shows change in energy consumption by the four broad sectors
represented in the model.
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Figure 7: Energy Consumption (Percentage Change from Baseline)
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3. Energy Prices

The carbon prices required to meet the NDC target for each sector increase the delivered cost of
fossil fuels to the end user. In 2025, the average U.S. gasoline price could increase by about
11% due to the cap on transportation sector emissions. ditedwf demand for natural gas

from the industrial sector in the short run leads to lower Henry Hub prices and hence a lower
delivered price of natural gas to the households that are not subject to regulations or an emission
cap until after 2025. Delered cost of natural gas kmuseholds declines by abo@6 % 2025.
However, as all sectors come under caps after 2025, the delivered cost of fossil fuel also rises for
all sectors after 2025. Between 2022 and 2031 the delivered price of gasoline ealdyaatto
households increase on average by about &&d 31 percent, respectively. The cost of gasoline
and natural gas would have to increagesdveral orders of magnitude B940 to achieve the

deep decarbonization targets. Overall, changes irrielgcprices are only marginally affected

since the additional cost of reducing emissions in the electricity sector is small once the CPP
drives out coal.
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4) Sectoral Output

At the four broad sectors represented in the model, sectoral output declinesthgrie®s

before 20205 .Since the industrial sectorhich representthe manufacturing subsectors, is the
only sector that is carbon constrained the output decline is the greatest among the four broad
economic sectorsln 2025, output from the industriahd the electric sector declines by about 5
and 44 relative to the baseline, respectively. The transportation sector decline is also small
because the sector is not carbon constrained while the other sectoral output decline®the least
1% Bsince thissector is relatively neenergy and carbon intensive. Over time, the broad
sectors are impact quite differently.

The least energy inteng\sectors such as services, represented in the other sector (OTH)
definition, experiencéhe smallest loss in outpuEven by 2040, output from this sector declines

by less than %. Electricity sector output is affected far less because the electric sector can more
easily decarbonize and in the néamm its target is easy to meet. While in the long run its output
is also impacted as a result of contraction of the U.S. economy, fuel switching towards electricity
from fossil fuels in the industrial sector in particular mitigates the output reduction in electricity.
The transportation sector experiences large lossesibedaseline direct measures limit
opportunities to further increase fuel efficiency and limit opportunities to switch46elhe
transportation sector output declines as the carbon price ramps up after 2031. Furthermore,
demand for transportation seres decreases as the economy shrinks. In the long run, the loss in
transportation sector output could be aboWh25igure8 shows the losses in outpiitom the

four broad sectors.

“5 The model does not allow alternative fuels to come online beyond the baseline levels. In addition, for the study
we did not also allow provision for alternative vehicles, e.g., electric vehicles.
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Figure 8: Broad Sectoral Output
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The impacts across the industrial subsectors vary with the carbon intensity of the subsector and
the opportunities available to the subsectors to switch from their canneiff fuels to a less
carbonintensive mix, and their ability to reduce their overall energy intengit025, iron and

steel, refinery, and cement sectors experience the most negative impacts. Iron and steel
cementutput declines by about 2@rcent; while the loss in refinery output could be about

10%. Other energyintensive manufacturing which includes aluminum and glass product
manufacturing output could see a loss of abétt@ative to the baseline. Other relatively less
energy and céon intensive sectors, e.g., paper, fabricated metals, and wood products loss
experience less than &3o0ss. The motor vehicle sector gains since high gasoline prices induce
consumers to switch toward demanding more fuel efficient vehicles in the m&g#5. On

the noamanufacturing sector side, coal (20 percent), natural gas (10 percent), and crude oil (10
percent) production declines since the economy demands less fossil fuel.

Figure9 shows sectoral output loss by manufacturing andmanufacturing suisector.

50
5% & () &Y%+ (- 150 %



Figure 9: Sub-SectoralIndustrial Output
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5.1 Gross Domestic Product

The bbss in economioutput translates to a loss in the nationOs GDP as the reduction in output
leads to less income for households because of lost wages, and the drop in output means a drop
in investment. Aggregate investment declines by about Btor7average relative the

baseline in the medium term while in the long run with less economic gativeéstment drops

by about 180 on average. Lower aggregate consumption along with lower investment coupled
with lower exports of domestic goods and services leads to lo@Br Ghe U.S. GDP drops by
about 1.% in 2025 which amounts to a loss of $250 billion relative to the baseline. The decline
in GDP accelerates over time as the targets become much more difficult to comply with and the
targets start to constrain output ihsectors. Loss in GDP exceeds $1 trillion by 2034 and
reaches a loss of nearly $3 trillion by 20480gure10 showsthe loss inGDP in 2025 anthe

average annu&@DPIloss in the medium and long run.
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Figure 10: Change in GDP
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6!  Income (or Consumption) per Average tbusehold’

The hgh cost of energy to the household along with lower overall economic activity reduces the
overall income and puhasing power of the U.S. householdsgure1ll shows changes in the

cost of living for an average household. The regulations would have the nebéfstucing

real consumption expenditures by $160 in 2025 and rising steeply thereafter to $7,000 by 2040.
On average between 2022 and 2031, a typical U.S. householdsO average annual income relative
to current income could drop by abou®®7while in hie long run the loss in income could be as
large as $4,900 per householthe @apid increase in transportation costs in the long run has a
direct effect on real household income.

47 . . .
In this study, reducethcomeperaverage U.Shouseholds expresseds a dollar value relative to current average
incomelevels to make it easier for readers to put these estimates into context with current household income.
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Figure 11: Change in Cost per Household
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7. Employment Impacts

The cecrease in the sectoral output resultslimss in employment. The industrial sector job loss
could exceed 1 million in 2025 relative to the baseline total industrial employment of 24 million.
The manufacturing sector alone abgke a reduction of about 440,000 jobs in 2025 relative to
the baseline employment of about 12 million. The loss in jobs in thenamfacturing sector is
mainly dominated by loss in construction jobs as a resula@éduction in investment and
contraction of the economyl.otal economywide employment losses amount to about 2.7

million jobs in 2025Figure12 outlines joblosses in 2025 for the four broad secwirthe

economy. Employment impact for the topic industries are discussleefollowing section.
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Figure 12 Employment Impacts by Sector in2025
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8. Changes in electricity generation mix

By 2040, he electricity sectostill consumes some fossil fueDver time, gaired generation
pushes out more and more c@iedd generation and by 2040 coal is almost completely
eliminated because in large part the reduction in gas prices brought about by the drop in the
wellhead price ofjas, which is caused by the drop in industrial sectorOs demand for natural gas.
The higher carbon prices also contribute to the decline in the demand for coal. In #smear
coalfired generation stays fairly constant as a share because the despprices is not large
enoughto induce fuel switchingnd the electricity sector does not face a carbon pntk2028
because the CPPharelybinding. The reduction in generation mainly comes from natural gas
primarily displacing coal and solar gaation. The supply of other resources in the generation
mix remains at the same level between the baseline and the scéigmi@13 below shows the
generation mx for the baseline and for the scenaviich includes demand response
represented as EE+DR.
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Figure 13: Baseline and Scenaridelectricity Generationover Time (TWh)
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6,000
5,000
4,000
3,000
2,000

1.000

0
2016 2019 2022 2025 2028 2031 2034 2037 2040

mCoal mGas Nuclear mCCS mWnd mSolar =Bio = Oth_Gen

Scenario:

6,000

5,000

2,000

1,000

0
2016 2019 2022 2025 2028 2031 2034 2037 2040

mCoal mGas ' Nuclear mCCS ®mWnd ESolar =Bio 7 Oth_Gen EE+DR

55
5% & () &Y%+ (- 150 %



B.! Detailed analysis ofindustrial impacts
1! Bulk Chemicals
a) Overview
Themain s~ourceof energyfor the bulk chemicalssectoris naturalgas,providingabout75% of
the sectorOsnergyneeds.Electricity providesmorethanhalf of the balancewhile coaland

petroleumprovidea smallshare. The enggy usagepatternis fairly consistenbvertime (see
Table7).

Table 7: Energy Usein the Bulk Chemicals Sctor (Baseline)

Energy Use(Quads) Energy Use (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 -2031) -2040) 2025 -2031) -2040)
Coal 0.12 0.12 0.12 4% 4% 4%
Natural Gas 2.19 2.21 2.42 74% 74% 75%
Petroleum 0.22 0.22 0.20 8% 7% 6%
Electricity 0.41 0.42 0.47 14% 14% 15%
Total 2.95 2.97 3.21

With the imposition of the GHG policy, fossil energy usage declines while the amount of
electricity used remains the about the same through 2031 and then drops off by about 15%
relative to the baseline in the lobgrm. Therefore, the mix @nergy shifts toward electricity as

its share of energy reaches 27% by 2040 under the GHG policy compared to only 15% in the
baseline. Since natural gas is the cleanest burning of the three fossil fuels, the GHG policy does
not induce much switching oof natural gas, but rather induces a reduction in coal, natural gas,
and petroleum usagéVith the greater increase in coal prices because of its higher carbon
content, coal experiences the greatest percentage decline from the baseline at Tatdggee
andTable8). In modeling the bulk chemicals we allow for the naturalayas petroleum

products feedstock to change with the sectoral output. Hence, the energy feedstock demanded by
this sector also declines as production declines.
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Table 8: Energy Use in theBulk Chemicals ®ctor (Scenario 1 with Average
Sequestration)

Energy Use (Quads) Energy Use (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 -2031) -2040) 2025 -2031) -2040)
Coal 0.03 0.03 0.03 2% 2% 2%
Natural Gas 1.33 1.29 0.97 69% 68% 63%
Petroleum 0.16 0.15 0.13 8% 8% 8%
Electricity 0.41 0.42 0.42 21% 22% 27%
Total 1.93 1.89 1.55

To abate emissions, the chemicals sector becomes more energy efficient. Given that the
chemicals sector uses primarily natural gas, the reduction in carbon intensity mirrors closely the
reduction in energy intensity. To meet the needed emission redyj¢herbiggest changes are

the drop in overall energy because of the drop in production and overall improvement in energy
intensity (sedable9).

Table 9: Energy and Carbon Intensity of the Bulk Chemicals $ctor

Energy Intensity (Th. Btu/ 2015  Carbon Intensity (MMTCO /2015
of Output) O000$ of Output)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)
Baseline 2.10 2.04 1.71 0.13 0.12 0.10
Scenario 1.33 1.25 0.78 0.08 0.07 0.05
% Change -37% -39% -54% -39% -40% -55%

b)! Production, Imports and Exports

As a result of higher costs associated with using fossil energy and electricity, the global
competitiveness of the U.S. chemicals sector erodes. The higher cost of production caused by
policies to reduce GHG emissions leads to a drop in domestic anghfdiesnand for output

from the U.S. chemicals sector. The U.S. price of chemicals relative to that of international
chemicals increases by about 2.5% in 2025 and up to 4% by 2040. The chemicals sector does
benefit from the lower prices on fossil fuel fegmtks. This reduction in the cost of remergy

inputs helps mitigate the increase in production costs associated with using fossil fuels for
energy.
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The small increases in price lead to a modest change in trade position. The higher U.S.
production cets make exports less competitive, leading to a 15% to 27% drop in exports from
2028 onward (se€ablel10). The significant improvement in energy and carbon intensity
coupled with the lower feedstock costs allows the chemicals sector to avoid much of the direct
cost of the GHG policy. Therefore, the percentage drop in output is far below the percentage
drop in energy usage.

The drop in exports and increase in imptéetgls to a reduction in domestic production. But the
decline in overall economic activity harms domestic production more as demand for chemicals
declines over time.

Table 10: Change in Production, Imports, and Exports for the Bulk Chemicals Sctor
(Scenario 1 with Average Sequestration)

Change in production imports and Change in production, imports and
exports (Bil. 2015) exports (% Change)

Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)

Production -56.6 -61.6 -158.5 -5% -5% -10%
Imports 7.0 6.1 6.8 3% 2% 2%

Exports -154 -15.1 -20.4 -15% -15% -27%

c)! Employment

The reduction in the sectoral output of the chemicals sector has a direct impact on the number of
jobs the sector employds.he sector is relatively employment intensive sector and is estimated to
employ about 845 thousand in 202%e chemicals sector sees a reduction of 25 thousand jobs

in 2025 relative to the baseline jobs and rising overtime as the stringency of the G¢yG pol
increases. On average the annual jobs reduction between 2022 and 2031 could be 35 thousand;
while in the long run the sector could reduce total number of jobs relative to the baseline by 120
thousand or 16% from the baseline (Feablell).

Table 11: Employment Impactsfor the Bulk Chemicals Sector

Avg.(2022  Avg.(2034

2025 2031) 2040)
Difference(Thousand®f Job Equivalenis -25 -35 -120
Percentage Change from BAU -3% -4% -16%
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2. Cement
a) Overview

Energyusagan the cementsectoris predominantlysplit amongcoal, petroleumandelectricity.
Overtime, we seethe shareof coalin theenergymix to declineslightly atthe expensef
petroleumwhoseshareis foundto increaseThe shareof naturalgasandelectricity remainfairly
constanbvertime*® .

Table 12 Energy Use inthe Cement Sctor (Baseline)

Energy Use (Quads) Energy Use (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 -2031) -2040) 2025 -2031) -2040)
Coal 0.16 0.16 0.17 49% 48% 44%
Natural Gas 0.02 0.02 0.02 5% 5% 5%
Petroleum 0.09 0.10 0.13 27% 29% 34%
Electricity 0.06 0.06 0.07 18% 18% 17%
Total 0.33 0.34 0.39

With the imposition of the GHG policyye see a decline in the overall energy use in the cement
sector brought on by a decline in the output. The share of electricity in the energy mix remains
about the same as that in the baseline. The share of petisléaumnd to decline slightly while

that of coal and natural gas is found to increase slightly relative to baseline &e&Eable

13).

Table 13 Energy Use inthe Cement Sctor (Scenario 1 with Average Sguestration)

Energy Use (Quads) Energy Use (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 -2031) -2040) 2025 -2031) -2040)
Coal 0.12 0.12 0.11 50% 49% 44%
Natural Gas 0.02 0.02 0.02 7% 7% 7%
Petroleum 0.06 0.06 0.08 25% 26% 33%
Electricity 0.04 0.05 0.04 19% 18% 17%
Total 0.24 0.25 0.26

“8 The shares reported do not take into account energy use from biomass since our model only accounts for fossil
fuels and electricity usages.
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To meet the needed emission reductions, the biggest changes are in the drop in overall energy
because of the drop in production and overall improvement in energy intensity. This drop in
overall energy usagasoleads to a reduction in carbon intensity ($ablel14).

Table 14: Energy and Carbon Intensity of the Cement Sctor

Energy Intensity (Th. Btu/ 2015% Carbon Intensity (TCO,/2015
of Output) O000$ of Output)

Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)
Baseline 201 19.3 19.7 2.4 2.2 2.0
Scenario 18.1 17.2 16.4 2.1 2.0 1.7
% Change -10% -11% -17% -10% -11% -17%

b)! Production, Imports and Exports

Improving energy efficiency and reducing carbon intensity significantly raise production costs.

The U.S. price of cement relative to the international cement increases by about 20% in 2025 to
over 40% by 2040. The cement sectaighificantlymoreenegy intensive compared to the

other topic sectoranalyzed antiencethe GHG policy affects the cement sector more negatively

and raises production costsa greater degree when compared to the other sedtbese large

cost increases coupled with thgllly substitutabl@ature of cement (i.e., homogeneity of the

product) leads to increases in imports of al&% by the 2030 time period. Also, what little

exports existed disappear by 2034 because U.S. produced cement is no longer competitive on the
world market.

Table 15: Change in Production, Imports, and Exports for the Cement Sctor (Scenario 1
with Average Sequestration)

Change in production imports and Change in production, imports and
exports (Bil. 2015) exports (% Change)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)

Production -2.9 -2.6 -3.4 -21% -18% -20%
Imports 15 1.5 0.8 69% 62% 24%
Exports -0.04 -0.04 -0.01 -90% -86% -52%

The commodity nature of cement causes U.S. production to be quite vulnerable to imports.
Therefore, small cost increases in domestic production costs compared to [fooeligetion lead
to large substitution of domestic produced cement for foreign produced cement. This easy

60
5% & () &Y%+ (- 150 %



substitution means the efficacy of the U.S.0s GHG policy is rather poor when it comes to
regulating emissions of the cement industry. There is a&dt% leakage in 2025 and the
leakage increases aviame to over 30% by 2040. Thusyery ten tons of emissions reduced in
the U.S. from the cement sector are offset by an increase of21bris of emissions oversess.

c)! Employment

The reduction in th sectoral output of the cement sector has a direct impact on the number of
jobs the sector employs. The cement sector could see reduch@®0jobs in 2025 relative to
the baseline jobs and rising overtime as the stringency of the GHG policy iscréasaverage
the annual jobs reduction between 2022 and 2031 coul¢bb8 while in the long run the sector
could reduce total number of jobs relative to the baseling380or 27%from the baselinésee
Table16).

Table 16: Employment Impactsfor the Cement Sctor

2025 Avg.(2022  Avg.(2034

2031) 2040)
Difference(Thousand®f Job Equivalenis -5.0 -4.6 -7.5
Percentage Change from BAU -18% -16% -27%

3. Iron and Steel
a) Overview

Theiron andsteelsectorhasa relatively balanceenergyusagepatternamongcoal, naturalgas,
andelectricity. Naturalgasis the mostdominantenergysourceaccountingor nearlyhalf of the
energyconsumed.Electricity andcoal comprisemostof the balance|eadingto thesefuelsand
naturalgasaccountingor about90% of the energyconsumedy theiron andsteelsector(see

Tablel?)

*#IThere is an overall drop in cement demand. Lower domestic demand for cement is met by reduction in domestic
production and increase in imports. Reduction in domestic production is not fully offset by increase in imports.
Although the global emission from the cement industry decreases, the global emissions reductitmisthess
emissions reduced by the Uc&ment sectal.
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Table 17: Energy Use in e Iron and Steel &ctor (Baseline)

Energy Use (Quads) Energy Use (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)

Coal 0.27 0.26 0.25 27% 26% 23%

Natural Gas 0.46 0.45 0.48 45% 45% 45%

Petroleum 0.10 0.10 0.13 10% 10% 12%

Electricity 0.18 0.19 0.21 18% 19% 20%
Total 1.01 1.00 1.07

With the imposition of the GHG policy, energy usage drops significantly. In thetéomg coal,

natural gas, petroleum, and electricity usage are down by 80%, 67%, 55%, and 20%,
respectively. Substitution occurs among fossil energy and electricityshane of energy from
electricity reaches 37% by 2040 under the GHG policy compared to only 20% in the baseline.
Since the cost to the electric sector to comply with the CPP and future targets is relatively small,
the share of energy used by source shoftgard electricity and away from fossil fuels. In
addition,many substitution opportunities exist for electricity, coal, and natural gas tedtfifade

against each other. With the greater increase in coal prices because of its higher carbon content,
thisfuel sees the greatest percentage decline. Its share is cut in half in thertorfgeelr able

18).

Table 18 Energy Use inthe Iron and Steel ctor (Scenario 1 with Average Sequestration)

Energy Use (Quads) Energy Use (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)

Coal 0.08 0.08 0.05 14% 15% 11%

Natural Gas 0.27 0.25 0.16 47% 45% 37%

Petroleum 0.06 0.06 0.06 10% 10% 14%

Electricity 0.17 0.17 0.16 29% 30% 37%
Total 0.58 0.55 0.42

To comply with the GHG reduction policy, tiren and Stel sector greatly reduces its energy
consumption and the carbon intensity of the energy it uBeste arenany opportunities to

switch from coal to gas and the model see in the baseline. It actually looks as if there is less
switching in the scenari®n the demand side, the higher cost of iron and steel and lower
economic growth would hold consumptiooveh, by about 7% below BAU iorder to reduce
emissions without even larger reductions in output, the iron and steel industry would shift in a
major way from coafired blast furnaces to electric arc processes.
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Table 19: Energy and Carbon Intensity of the Iron and Seel Sector

Energy Intensity (Th. Btu/ 2015% Carbon Intensity (TCO,/2015
of Output) O000$ of Output)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 2025

-2031) -2040) -2031) -2040)
Baseline 4.73 4.46 3.55 0.51 0.48 0.36
Scenario 2.90 2.66 1.64 0.28 0.26 0.15
% Change -39% -41% -54% -45% -46% -58%

a)! Production, Imports and Exports

Overall the carbon and energy intensity decline dramatically for iron and steel, but this reduction
comes at a cost. This cost causes ironséeel output to fall by 19% below baseline levels by
2025 under th&HG policy, andfurther by almost 33% by 2040.

As a result of higher costs associated with using fossil energy and electricity, the global
competitiveness of the U.S. iron and steel sector erodes. The higher cost of production caused
by policies to reduce GHG emissions leads to a drop in domestforamgh demand for output

from the U.S. iron and steel sector. The U.S. price of aggregate iron and steel relative to the
international price increases by about 7% in 2025 up to 11% by 2040.

The increased costs harm U.S. production. Some of the redlucioutput would be replaced

by imports, which increase by almost 20% in 2025, staying at that level until 2040. Exports
would drop more precipitously, and be down by almo8 5y 2025 and over 75% by 2046e
increases in the domestic price lead targes in the trade position. The higher U.S. production
costs make exports less competitive, leading to a 49% to 68% drop in exports from 2028 onward
(seeTable20). The significant improvement in energy and carbon intensity allows the iron and
steel sector to avoid some of the direct cost of the GHG policy. Therefore, the percentage drop
in output is far below thegucentage drop in energy usage.

Thedrop in exports and increase in imports leads to a reduction in domestic production. But the
decline in overall economic activity harms domestic production more as demand for iron and
steel falls by ove$80 billion wheeas net imports increases by ab$10billion in the longrun.
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Table 20: Change in Production, Imports, and Exports for the Iron and Steel Sector
(Scenario 1 with Average Sequestration)

Change in production, imports and Change inproduction, imports and
exports (Bil. 20155) exports (% Change)

Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)

Production -33.7 -36.3 -79.7 -19% -20% -33%
Imports 7.4 7.3 10.2 13% 13% 14%
Exports -10.4 -10.1 -118 -49% -49% -68%

On the demandide, the higher cost of iron and steel and lower economic growth would hold
consumption down, by about 8% below BAU in 2025 and more than 24% below BAU in 2040.
Thus even with imports replacing domestic production, total consumption falls.

The increaseniimports that offsets the drop in domestic production represents leakage of the
U.SOGHG reduction efforts. The commodity nature of parts of the iron and steel sector causes
U.S. production to be quite vulnerable to imports. Therefore, small coshsesran domestic
production compared to foreign production lead to large substitution of domestic produced iron
and steel for foreign produced products. This easy substitution compsotine efficacy of the
U.S.GHG policy when it comes to regulating essibns of the iron and steel indusaigywith

other energy intensive sectorshere is about a 35% leakage in 2025 and the leakage levels off
at about 30% in the loAgerm. So every ten tons of emissions reduced in the U.S. from the
cement sector ai@fset by an increase of 3 tdb3ons of emissions overseas.

Theresultsreportedn this sectionarefor the entireiron andsteelsector. Theimpactswould
likely be moreseverdor the upstreanportionof this sector,whichis morecommoditybased
andhencemoretradeexposed.It is alsomoreenergyintensiveandthereforemustreduce
emissionsandenergyusaganuchmore. Ontheotherhandtheimpactswould likely beless
severdor thedownstreaniron andsteelsectorwhich is morespecializedandlessenergy
intensive.

b)! Employment

The reduction in the sectoral output of the iron and steel sector has a direct impact on the number
of jobs the sector employs. This sector could see a reduction of 19 thousand jobs in 2025
relative to the baseline jobsdansing overtime as the stringency of the GHG policy increases.

On average the annual jobs reduction between 2022 and 2031 could be 21 thousand; while in the
long run the sector could reduce total number of jobs relative to the baseline by 3@ dhaus

32% from the baseline.
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Table 21: Employment Impactsfor the Iron and Steel Sector

2025 Avg.(20222031) Avg.(20342040)
Difference(Thousands) -19 -21 -38
Percentage Change from BA -12% -14% -32%

4. Paperand Allied Products
a) Overview

Thepaperandallied productssectorhasa relatively balancedusageof energyamongcoal,gas,
andelectricity®® Thereforethis sectorhasa numberof opportunitieso substituteoneenergy
sourcefor another.

Table 222 Energy Usein the Paper and Allied Products &ctor (Baseline)

Energy Use (Quads) Energy Use (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 5031y -2040) 202 5031)  -2040)
Coal 0.20 0.20 0.21 24% 23% 23%
Natural Gas 0.40 0.40 041 47% 47% 46%
Petroleum 0.02 0.02 0.02 3% 3% 3%
Electricity 0.22 0.23 0.26 26% 27% 29%

Total 0.84 0.85 0.90

With the imposition of the GHG policy, substitution takes place among fossil fuels and
electricity. The share of electricity in the total energy consumption reaches 50% by 2040 under
the GHG policy compared to only 30% in the baseline. Since the dbst étectric sector to

comply with the CPP and future targets is relatively small, the relshiaebetween electricity

and fossil shifts towards electricity. As a result,ehd useshare of energghifts toward

electricity and away from fossil fueldn addition,many substitution opportunities exist for coal
and gas to tradeff against each other. With the greater increase in coal prices because of its
higher carbon content, there is switching from coal to gas. Over the 2022 to 2031 time frame,
the share of coal in the energy mix drops by-thicds from its baseline share, and by 2040 coal

*%We include biomass as a fuel option based on EIAOs energy consumption for the sector. We assume no penalty
for biogenic CQ emissions consistent with UNFCC reporting guidelines.
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use drops by over 85%ith its share declining by over 8 Natural gas and petroleum maintain
their share (se€able23).

Table 23 Energy Usein the Paper and Allied Products ®ctor (Scenaio 1 with Average
Sequestration)

Energy Use (Quads) Energy Use (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 -2031) -2040) 2025 -2031) -2040)
Coal 0.04 0.05 0.04 8% 8% 7%
Natural Gas 0.29 0.28 0.22 50% 49% 42%
Petroleum 0.03 0.03 0.03 5% 5% 5%
Electricity 0.22 0.22 0.24 38% 39% 46%
Total 0.58 0.58 0.51

As seen above, the energy usage changes in twoiwegsponse to the GHG policks output
changesthe energy demand along with other goods and services dedinell asubstitution
as the relative input prices chan@eerall energy intensity drofsy about one third in 2030 and
45%by 204Q by 40% inthe neatterm ands2% in the longterm (seeTable24).

Table 24: Energy and Carbon Intensity of the Paper and Allied Roducts Sector

Energy Intensity (Th. Btu/ 2015 Carbon Intensity (TCO,/2015
of Output) O000$ of Output)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)
Baseline 2.89 2.85 2.77 0.19 0.19 0.18
Scenario 1.76 1.71 1.34 0.10 0.10 0.08
% Change -39% -40% -52% -47% -48% -58%

As a result of the GHG policy the sector responds by introducing more efficient ways to
improvement energy and carbon usage. These changes in energy mix and drop in energy
intensity lead to a reduction in carbon intensity for the seBtdrto meet the @eded emission
reductions, the biggest changes are in top th overall energy becauseaddirop in production
and overall improvement in energy intensityhis dop inoverallenergyusage leads to a
substantial reduction icarbon intensity

b)! Production, Imports and Exports

As a result of higher costs associated with using fossil energy and electricity, the global
competitivenessf theU.S.paper and allied productsdustryerodes.In other words, the higher
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cost of production caused by policies to reduce GHG emissions leads to a drop in domestic and
foreign demand for output from the Uper and allied producsgctor. The U.S. price of

paper and allied productslative to thenternationalpriceincreases by about 3% in 2025 up to
4.5% by 2040leading tothe change itJ.S-internationakrade position. The higher U.S.

production costs make exports less competitive, leading to a 10% to 20% dsggorts from

2028 onward The significant improvement in energy and carbon intensity allows the sector to
avoid much of the direct cost of the GHG policy. Therefore, the percentage drop in output is far
below the percentage drop in energy usage.

Much of the drop in production is csed by the overall decline in economic activity in the U.S.
The imports drop in similar proportion to domestic production. This similarity is evidence of the
fact that economic activity is a key driver in the reduction in output.

Table 25: Change in Production, mports, and Exports for the Paper and Allied Rroducts
Sector (Scenaio 1 with Average Sequestration)

Change in production imports and Change in production, imports and
exports (Bil. 2015) exports (% Change)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034

2025 -2031) -2040) 2025 -2031) -2040)
Production -8.1 -9.4 -21.9 -4% -4% -9%
Imports -2.4 -3.2 -13.1 -3% -3% -71%
Exports -0.2 -0.1 -0.1 -1% -8% -16%

The change in trade position leads to marginal changes in where apdpemand allied

products are produced internationally. Our analysis suggests that this change has consequences
on the emissions from the paper sector globally. For every ton of emissions reduced in 2025
from the U.S. paper and allied produséstor as result of the U.S. GHG policy, we see an

increase of 0.05 tons of emissions elsewhere in the Warldakage rate of 5%.

c)! Employment

The reduction in the sectoral output of the paper and allied products sector has a direct impact on
the number of pede the sector employs. The sector could see a reduction of 12 thousand jobs

in 2025 relative to the baseline jobs and rising overtime as the stringency of the GHG policy
increases. On average the annual jobs reduction between 2022 and 2031 couldbsahd;th

while in the long run the sector could reduce the total number of jobs relatiweliagéline by

59 thousand.
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Table 26: Employment Impactsfor the Paper and Allied Products ®ctor

2025 Avg.(20222031) Avg.(20342040)
Difference(Thousands) -12 -18 -59
Percentage Change from BAL -3% -5% -17%

51 Wood Products

Consumptiorof fossil fuelsandcarbonemissiongrom thewood productssectorarelessthan
1% of thetotal industrialenergyconsumptiorandcarbonemissionsGivenits outputvalue,the
sectoris theleastenergyandcarbonintensiveof the entiremanufacturinggubsectors.However,
with respecto the sectorOsnergysourcesarelativdy highersharecomesfrom purchased
electricitycomparedo fossil fuels. Basedon its compositionof fuelsconsumedthe sectoris
lessaffectedby fossil fuel coststhanpoliciesthatwould leadto anincreasen electricity

prices. Therefore,impositionof the GHG policy hasa modesimpacton thewood products
sector.

Productionof wood productsdecreaseby about2.4% relativeto the baselindgn 2025. On
averageetweer?022and2031productiondeclinesby about3% andin thelong run dueto
contractionof theeconomyanddemandor wood product outputlosscouldreachl10% on
averageetweer?034and2040.

The reduction in the sectoral output of the wood products sector has a direct impact on the
number of people the sector employie sector employs abbb30 thousand in 2025 and is
relatively labor intensiveThe sector could see a reduction of 17 thousand jobs in 2025 relative
to the baseline jobs and rising overtime as the stringency of the GHG policy incr@ases.
average the annual jobs reductiaivieeen 2022 and 2031 could be 27 thousand; while in the
long run the sector could reduce the total number & jelative to the baseline by 110

thousand.

C.I'  Economywide Leakage

The above sections discussed leakage for individual sectors, but whas nisatteroverall

leakage of the U.S. policy. The level of leakage depends upon how much of production shifts
from the U.S. to other parts of the world that does not face any carbon constraint and then ship
the commodity back to the U.S. In the shortsinte overall demand erosion is not as large in

the long run until there is demand for imported goods and hence relatively more goods are
produced overseas. However, as the economy contracts and wage diectines, the

purchasing power for U.S. househelddes leading tless demand for imports overall. e
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impactslead to relatively lower production and lower leakage rate in the long run as shown
Table27.>*

Table 27: Overall Leakage of the US. Policy (%)

2019 2022 2025 2028 2031 2034 2037 2040

Leakage

(%) 39 35 33 19 16 8 7 6

D.I Lessons Learned from AlternateScenarios
1) Scenario 2DbIndustrial SectorOnly

Scenario 2 imposes the same cap on the industrial sector as Scenario 1, but it imposes no caps or
direct measures in addition to those in the baseline on any of the other three broad sectors. In the
years up to 2025, GDP impacts of econemge regulation and regulation of the industrial

sector alone are about the same. This reveals that most of the impacts on the economy as a
whole through 2025arise from regulation of the industrial sector. The impacts begin to diverge
after 2025 as policie® regulate GHG emissions in the Aiodustrial sectors are tightened.

Though the impacts in the scenarios diverges more and more over time, the loss in GDP under
Scenaio 2 reaches about 2% by 2040 as sedfigarel14.

*1 The leakage rate in the model is sensitive to the assumption about how easily the U.S. can substitute between
domestic with imported goods and the relative carbon intensity of goods produced overseas.
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Figure 14: Change inGDP from the Baseline under Scenarios 1 and 2
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TheIND Only policy also causes a loss in household consumption. The relapafthis loss
under Scenario 2 to that of Scenariis $imilar to that of the losses in GDR the neaiterm

IND only scenariaeduces household income dlyout the samamountasthat Scenario .1

Over the 2034040 time period, the loss in household meas about 15% dhe loss under the
Scenario 1showing how much of the loss in household incamges from targets on the
industrial sector that causeductions inndustrial labor compensation amyestment returns
and increases iprices of manufactured goods.

2.1 Scenario 3bDirect Measures

This section compares the results of Scenario 3 that imposed direct measures with Scenario 1 to
understand how close implementing measures identified and designed in this study can come to
achieving the NDC targets for the different broad based seckogaire15 reports the change in
emissions for the industrial, transportation, and other sectors underi8gdnand 3. In the

nearterm, the direct measures for the transportation sector achieve about three percentage points
more emission reductions than the reductions that occur under Scenario 1. Througe2025,
emission reductions undecéhario 3 diffe greatly from those in Scenario 1, implying that the

direct measures, as implemented, are clearly unable to achieve the NDC targets. For the
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aggregate industrial sector, the direct measures fail to come close to meeting even the 2025 NDC
target since theneasures primarily imposes feasible energy efficiency measures.

Figure 15: Change in Industrial, Transportation, and Other Sector emissions for Scenarios
1and3
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The energy efficiency measures in the 4atectric sectors andsdringent RPS imposed in the
electricity sector in Scenario 3 leads to much larger reduction in electricity consumption and

fossil fuel based generation compared to Scenarkevén though, the overall electricity demand

is not that lage between the twecenarioglecreases of 22in Scenario 3 and% in Scenario 1

in 2025, a large amount of natural gas and coal generation is displaced at the expense of biomass
to meet the RPS in Scenario Bhis lead to relatively large reduction in emissions from the

electricity sector in Scenario 3 compatedScenario 1 as seenkigurel6.
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Figure 16: Emission Reductionin the Electric Sector under Scenarios 1 and 3
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Not only do these direct measures fail to achieve thetemg emission reductions, but also they

lead to greater economic harm in the short than the more market based scenariénission
reductions of 930 MMTCgare achieved & consumption loss of $150 billion in Scenario 3 in

2025 suggesting an average consumption cost of $C&Y. For Scenario 1, reductions of 720
MMTCO; are achieved at a consumption loss of $25 billion suggesting an average consumption
cost of $35TCO,. This result suggests that on average the cost of reducing a ton of emission is
much higher in Scenario 3 than under a market based mechanism as in Scenario 1. Mandates are
an inefficient way to reduce emissionBhe loss in consumption under the direct mees is

significantly greater though 2025 and the equal in 20%8r which, the household loss is far

greater under Scenario 1, which achieves much greater emission reductions.

Table 28: Change in Household @nsumption (2015$HH)

2025 Avg.(20222031) Avg.(20342040)
Scenario 1 -162 -717 -4,964
Scenario 3 -965 -993 -1,414
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3! Scenario 4bSubsector-SpecificRegulation

As direct regulation®ecome more specific in how entities must reduce their emissions, the
regulations provide businesses and householddega#hflexibilityin how theychooseo comply

with the regulations. In other words, the more specific a regulatory measure, the graaét

of compliance options and hence the more costly it is to comply because there are fewer options

We constructed &nario 4, which employ@nemissions cap at the sectoral level for the

industrial sectorsThis scenario contrasts witlt&ario 1which employs one overarching

policy for the entire industrial sectoHaving individual policies for each industrial sector leads

to distortions, which can be seen by the difference in the marginal cost of abatement across the
industrial sectors. Undecenario 4, there is a wide range of abatement aostss sectors

ranging from $10/TCQO, to $74/T CO,in the mediurterm and from $2¥TCGO; to

$1,770/TCQGyin the longterm. These marginal abatement costs compares to a uniform
abatement cost a@® allindustrial sectors of $®4TCGO; in the medium term and $6AICG; in

the long term.

Table 29 Marginal Cost of Abatementunder Scenarios 1 and 42015%$/TCOy)

2025 Avg.(20222031) Avg.(20342040)
Scenario 1 340 340 540
Scenario 4Min) 170 190 290
Scenario 4 (Max) 800 740 1,770

These additional distortions lead to slightly greater losses in consumption and GDP. Household
consumptiorexperiences greater harmthere are more jobs lost undereBario 4as seen in
Table30.

Figurel7 presents a comparisafthe manufacting sector employment impacts for Scenarios

1 and 4.Scenario 4 experiences greater loss compared to Scenario 1 because the manufacturing
subsectors share a naptimal burden leading tgreater loss in consumption and outplihese
effectscause GDP to decline more under Scenario 4 than scenario 1.

Table 30: PercentageChange n GDP and Consumption from the Baseline for Scenarios 1
and 4

Change in GDP (%) Change in Consumption (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 -2031) -2040) 2025 -2031) -2040)
Scenario 1 -1.1 -1.7 -6.8 -0.14 -0.64 -4.4
Scenario 4 -1.2 -1.7 -6.9 -0.34 -0.8 -4.5
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Figure 17: Manufacturing Sector Employment Impacts for Scenarios 1 and 4
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Other sectors also suffer because of the greater impact on the industrial sector. In particular,
since the industrial sectors are heavy users of electricity, the greater reduction in output from
these sectors results in lower consumption and hence laymrtdrom the electric sect¢see
Table31).

Table 31: Change in Value of Output from the Electricity Sector (%)

2025 Avg.(20222031) Avg.(20342040)
Scenario 1 -3% -4% -9%
Scenario 4 -4% -5% -10%
4. Scenario 5DEconomyWide Trading with Direct Measures

Scenario 5 allows trading across all sestdithe economy such that marginal costs of reducing
emissions are equalized across all sectors. This means that emissions are reduced at the least
cost manner in the economy leading to the lower carbon prices for the industrial&@stor
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equalzationcontrasts with Scenariq Wvhich has very disparate abatement costs for the major
sectors (se&able32).

Table 32 Sectoral LevelCarbon Price for Scenarios 1 and 5 (201%/Ton COy,)

2025 Avg.(20222031) Avg.(20342040)
Scenario 1
Electric Sector 0 2 20
Industry 330 340 540
Transportation 0 170 2,030
Other 0 130 790
Scenario ¥ 0 10 150

In general, 8enario 5 lowers the abatement cost in the@lentric sectors and raises it in the
electric sector. Therefore, the electric seatmtertakes much greater reductions urtde
economywide cap than in &nario 1 (se&able33). In the longrun,emission reduction under
Scenario 5 irthe electricsector isabout two times than iicenario 1 while the other sectors are
redue their emissions bgignificantly lesser amounkgecause emissions reduction in the electric
sector is relatively cheaper.

Table 33: Change in CQ, Emissions by $ctor under Scenarios 1 and 5 (Percentage
Change from Baseline)

Scenario 1 (%) Scenario 5 (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 -2031) 2040) 2025 -2031) -2040)
Industry -44% -46% -64% -1% -3% -36%
Other -1% -10% -45% -0.3% -1% -17%
Transportation -2% -9% -40% -4% -4% -14%
Electric Sector -14% -17% -42% -44% -52% -86%

The differences between Scenarios 1 amadicate how distortionaryc8nario 1 isThe

implications of the extra distortions in Scenario 1 have significant economic consequences.
Moving from broad sector caps to one econamge cap lowers significantly the losses in
consumption and GDP as the economic distortions are smalteoughthere is reduction in

GDP relative to the baseline level, in both scenarios economy still grows over time, albeit at a

*2The carbon price in 2025 is zero because the dineeisures alone reduce carbon emissions more than the cap
level.
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much slower growth rate for Scenario 1 compared to Scendndtte longrun, the losses in
GDP and consumption are cut élyou? 0% and60%, respectively (se€able34).

Table 34: Change in GDP and @nsumption for Scenarios 1 and 5 (Percentag€hange
from Baseline)

Change inGDP (%) Change in Consumption (%)
Avg.(2022 Avg.(2034 Avg.(2022 Avg.(2034
2025 -2031) -2040) 2025 -2031) -2040)
Scenario 1 -1.1% -1.7%0 -6.8% -0.1%2% -0.62% -4.4%
Scenario 5 -0.5% -0.7% -2.2% -1.1% -1.1% -1.7%

As the comparison of scenaridsnd 1 show, broadening the cap reduces economic impacts
relative to the baselineWhereas the differences in impacts between scenarios4lvesre
relatively small, the differences in impacts between scenarios 1 and 5 are large. Thus, regulators

can abieve the greatest benefit from broadening the cap when they include sectors with
disparate emission reduction costs.

Alternative scenarios 4 andhieetthe U.S. NDC targetComparison of the results, SEable

35, shows that more flexibilityynder Scenario 5 tahieve the same or greater emission
reductiongesults inlower economic costBy allowing trading across all sectoedectric sector
provides opportunity foralatively less expensiveductionghanfrom the industrial sector

Hence, i would be much less costly to allow other sectors to purchase credits from the electric
sector for emission reductions than to meet NDC targets on their own.
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Table 35: Impact on Key Variables Relatives to Baselinéor Scenario 4 and Sfor Average
Sequestration

Scenario 4 Scenario 5
2025 2040 2025 2040

Percentage Change in Gross Domestic Product (% -1.2% -9.8% -0.5% -3.0%

Change in Gross Domestic Product (2015$ Bil.) -$270  -$3,100 -$110 -$950

Change in Income per Average U.S. Household $480  -$7.000 -$1250  -$2.400

(2015%/Household)*

Change in Manufacturing Sector Jobs (Thousands) -450 -3,500 -12 -430
Change in Total Industrial Sector Jobs (Thousands’ -1,100 -7,300 -200 -1,740
Change in Total Economy-wide Jobs (Thousands) -3,400  -33,500 -2,300 -8,700

I Change in income per average U.S. household is expressed as a d
value relative to current average income levels.

5. Impacts of SequestrationOptions

Emissions frorLULUCF are highly uncertain. For this study we assume that two different
levels of sequestration are available to count against carbon emissions. The different levels of
sequestration can also be thought of as allowing different levels of offsets such as iasse
international forestry offsets. This section compares the impacts on the U.S. economy under
these different levels of sequestration. With higher levels of sequestration, less emissions
reduction needs to occur from the various economic sect@3 dbée 36)

Table 36: Emission Reductions in the Broad Sectors under Average andidh
sequestration(PercentageChange from Baseline)

Scenario  Average
Sequestration

Avg.(2022  Avg.(2034

Scenario 1- High Sequestration

Avg.(2022  Avg.(2034

2025 2025

-2031) 2040) 2031) 2040)
Industry -44% -46% -64% -33% -37% -59%
Electric Sector  -14% -17% -42% -13% -16% -40%
Transportation -2% -9% -40% -2% -9% -37%
Other -1% -10% -45% -0.4% -10% -43%
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The benefits ofequiring fewermission reduction® occur among the covered sectoas be

seen inTable37 by the lower abatement costs under the High Sequestration scdrest.

costly measures are required in every sector when the target for fossil fuel emissions is made less
restrictive dued better results from sequestration and reductions in GH&s>

Table 37: Allowance Price by ®ctor under the Average and High Sequestratior2Q15
$/TCOy)

Scenario 1- Average
Sequestration

Avg.(2022 Avg.(2034

Scenario 1- High Sequestration

Avg.(2022 Avg.(2034

2025 -2031) 2040) 2025 -2031) 2040)
Transportation 0 180 2,000 13 170 1,790
Industry 340 340 540 170 190 390
Electric Sector 0 2 20 0 2 20
Other 0 130 790 0 130 700

To further shovthe benefiof flexibility and allowing sequestration projects evethéy are
outside the U.STable38reports the change in GDP and consumption under the two different
levels of sequestration.

Table 38: Change in GDP and Consumption forScenario 1 with different levels of
sequestration(Percentage Change from Bseline)

Change in @DP (%) Change in Consumption (%)
Avg.(202 Avg.(2034 Avg.(2022 Avg.(2034
2025 2-2031) -2040) 2025 2031) -2040)
Avg.
Sequestration -1.1% -1.7% -71% -0.1%2% -0.6% -4%
High
Sequestration -0.8% -1.3% -6% -0.0%% -0.5% -4%

However, noving fromthe averageto the high sequestratiostill results in significant economic
harm in the longun with consumptiotoss of about @ and GDHoss a bit under 4%.

>3 We do not include low sequestration reported in the USSBR 2016 for the study, which would imply a larger gap
and a much more stringent target for the industrial sector.
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VI.I' STATE LEVEL RESULTS

The GHG policy has different impacts acresges and regions of the U.S. economy. Even
though the states face the same carbon price, they may not face the same percentage change in
energy prices since the starting points for energy prices differ across states. States that
experience larger percentage changes in energy prices will facer greatentage cost increases
in their production and hence, all else equal, greater lossegput States thadepencheavily

on energy and carbon intensive industries will face the largest impact. The heterogeneity in
impactsacross statds due tadifferent composition of industriemdenergy intensity of statesO
economies.We analyze impacts on four sta@®lichigan, Missouri, Pennsylvania, and OBio
under the broad sectoral NDC cap on the industrial, transportatidthe cher sector and GP

for the power sectorin this scenario, wassune average net sequestration. Carbon permits are
handed to the states basedlomshare of their respective baseline emissions. These states rely
on manufacturing sectors to supportitleeonones Thesections below discuss high level
macroeconomic impacts on thdsar states.

A.l  MICHIGAN
1) Background

MichiganD$GDPwas $44illion in 2014, making ithe thirteentHargeststateeconomy* The
manufacturing sector is an integral part of the stateOs egaootributing to abou®0% of the
stateOGDP, as seen in the figure beldWProduction of drable goodsomprises bout 7?6 of
the stateOs manufacturingpouf*

Figure 18 Gross Domestic Producfor Michigan by Sector, 2014

** Regional Data, Breau of Economic Analysis, U.S. Department of Commerce.
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In 2014, the motor vehicle manufacturing sdztor contributed theostto the manufactumg
sector GDP with a share of about4bllowed bythe other manufacturing stdector
comprigdprimarily of norenergy intensive manufacturing with a share of 32%falndcated
metal productsontributing around % to the total manufacturing sector GFfP

Figure 19: Share of Gross Domestic Productor Michigan by Manufacturing Sub-Sector,
2014
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The transportation armésidentialsectos consume the largeé amount of energy iklichigan
Figure18 presents energy consumption by fuel for the four broaessators for 2014. Across
theresidential, commercial and industrial sectors, natural gas was theaddrfuel comprising
about66%, 54% and 37%respectively in the three sectors while the energy consumption mix in

80
5% & () &Y%+ (- 150 %



thetransportation sectamonsistedalmost entirely of petroleum pradts® In 2014,MichigarQs
electricity generadbn mix wascomprisedorimarily of coal @9%). Natural gas contributed to
about 2% while nuclar energy accounted for ab@%% of thenet electricity generatiol? The
Michiganeconomy is about326 more energy intensive than the U.S. as a whole with the
economywide energy intensity of theage in 2014 estimated to bel@0 Btu/$ of GDP in
comparison to the U.S. energy intensity of 5,700 Btu/$ of &DP.

Figure 20: Energy Consumption Mix by Fuelfor Michigan, 2014
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Currertly, the combustion afatural gas is the dominant source of emissiorte residential,
commercial, and industrial sector with share of emissions in these three sectors amounting to
88%, 83% and 50% respectivély Emissions from the electric sector come predominantly from
the use of coal (about 88%); while almost all emissions from the transportationdezster

from the use of petroleum productsThe economywide carbon intensi of the state in 2014

was 0.36TC0O,/O000$ of GDP in comparison to th&.Wide energy intensity of 0.31
TCO,/O000$ of GDP rkimg it about 5% more carbon intensive than the U.S. as a whofe.

the industrial sector level, Michigan is the 15th highest energy and carbon instatava the

*5 State Profiles and Energy Estimates, State Energy Data System (SEDS), U.S. Energy Information Administration.
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U.S. Its overall industrial energy and carbon intensity are about 15% highé¢ndhafthe U.S
industrial sector.

Figure 21: Emissions by FuelMix for Michigan, 2014
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SinceMichigan is a manufacturing based economy that is relatively energy and carbon intensive,
aGHG policy that restricts carbon emissions leads to a significant impact state®s

manufacturing sectors and the overall econoiigher costs of energy ledad increasing cost

of production of manufacturing goods and hence Idiveir demand. The loss in manufacturing
sectoral output leads to lower wage income and hence lower consumption and overall economic
activity in Michigan.

2. State Levell mpacts

In 2025 MichiganOs GD&eclines byabout 0.8% while the U.S. as a whebkperiences &DP

lossof about 1%. Although, Michigan is relatively energy and carbon intensive, its losses are
marginally mitigated byositivecontribution from the motor vehicle sectarthe short run as
described below. Michigan still suffers economic loss relative to the baseline since its economy
depends on other energytensive manufacturing sectors that rely on fossil energy. The GHG
policy has a direct effect on the manufacigrsector by raising energy costdichiganOs
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overall economy is negatively impacteghigher energy costs leading to lower overall
economic activity.

In 2025,MichiganO§&DPis projectedo decrease by about Orelative to the baseline; which
amouns to a loss of about $5 billion. In the medium tetitme losses could increase to about $11
billion; while in the long run the economy could shrink by about ¥#ch isequivalent to a

loss of $9 billion as seen iTable39.

Table 39: Gross Domestic Productor Michigan

2025 Avg.(20222031) Avg.(20342040)
Difference (201B$) -5 -11 -59
Percentage Change (%) -0.8% -2% -7%

The GHGpolicy leads to higher gasoline prices that induce consumers to shift towards use of
more efficient vehicles. In the short run2ioes MichiganOs motor vehicle sector benefits from
higherdemand for efficient vehicless consumerseek to avoid thiigher fuel coss. The notor
vehicle sector output increases in the short run to about 1.5% in 2025 and 1% on average
between 2022 and 2031. However, as the stringency GHt&policy increassover time the
motor vehicle sector is impactedgativelyas he demand for motor vehicles declirsgsrply

By 2040,themotor vehicle sector output could decrease by 13% and about 9% on average
between 2034 and 2040.

Other sectors, in particular enefgyensive sect@ arenegatively impactethroughout the

model horizon. @tput from the chemicals and fabricated metalsedtor are projected to
decline by abut 2%relative to the baselina 2025. In the long rurthe output impact could be
about 8%.As for demand for petroleum products, output from Michi@aefinery sectoalso
suffers. Refinery output in 2025 could decline Bf; 9vhile in the long run the sectoral output
coulddeclineby onethird relative to the baseline.h& iron and steel sedector is impacted to a
greater extent with output forestad to decline by 14% relative to baseline outp@025 The
lower denand for fossil fuels results significant impacts on the natural gas and the coal
sectos. Output from the natural gas and coal-sebtors decreases by 9% and 11%, respectively
from the baseline in 2025The arerage annual impacts for the four topic sectors relative to the
baseline between 202031 and034-2040when the stringency of tholicy increase
significantly are seen ifable40.
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Table 40: Sectoral Outputfor Michigan (Percentage Changérom Baseline

Avg.(2022  Avg.(2034

2025 2040 2031) 2040)
Key Sectors
M_V -1.5% -13% 0.8% -9%
ONM -4% -11% -4% -9%
FAB -2% -10% 2% -8%
Topic Sectors

PAP -3% -10% -3% -8%

CMT -3% -18% -4% -16%
CHM -2% -9% -3% -7%

IS -14% -25% -13% -21%

Lower demand for goods and services produced in Michigaslates téewerpeople

employed in the manufacturing sector as well as in other séesoliag to lower income for the
labor force. Lower wage income translates directly to loss in houselcoltién A typical
householdn Michiganin 2025 could see its inconfiall by alout $18 relative to current levels.
Between 2022 ang031, the impactscrease t@about $70@er household; while in the long run
impacts are disproportionately larges seein Figure22.
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Figure 22 Change inConsumption perHouseholdfor Michigan ($/Household)
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Lower overall manufacturing output alaffectsemployment withVlichiganOs manufacturing
sector projected to fade,000 fulttime equivalent jobs losses in 2025 relative to the baseline;
while the economys a whole could lose about,@00 fulttime equivalent jobs. Jobs impacts
could more than doubie the medium term (between 202031) and increase significantly in
the lorg runas seen ithe table below.

Table 41: Employment Impacts for Michigan (Change from Baseline inThousandsof Job
Equivalents)®

2025 Avg.(20222031)  Avg.(20342040)
Total -74 -155 -699
MAN -IND -13 -23 -102

% Total job-equivalents equals total labor change divided by the average annual ineojole. pThis does not
represent a projection of numbers of workers that may need to change jobs and/or be unemployed, as some or all of
it could be spread across workers who remain employed.
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B.I' MISSOURI

1) Background

MissourD$GDPwas $283 billion in 2014, makirigthe twentyfirst largeststateeconomy>* As
seen in the figure below, transportation and trade had the greatest contribution to the stateOs GDP

at 16% followed by the manufacturing sector contributing to ab&%tof the stateGBDP.>*,
About 48% of the stateOs manufacturing ougaumsistsof production of durable goods.

Figure 23: Gross Domestic Producfor Missouri by Sector, 2014
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In 2014, theother manufacturing sugectorcontributed the greatest to the manufacturirggose
GDP with a share of about &bfollowed by thechemicals sector with a share of4@ndmotor
vehicle manufacturing contributirayound9% to the total manufacturing sector GE/P.
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Figure 24: Share of Gross Domestic Productor Missouri by Manufacturing Sub-Sector,
2014
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The transportation amésidentialsectos consume the largest amount of energiylinsouri

The following chart presents energynsumption by fuel for the four broad ssictors fo 2014.
Across the residential and the commercial sectors, electnemythe dominant fuslource
comprising of abou#2% ands4% of the total energy consumption in the two sectdfBhe mix
of energy used by the industrial sector is fairly well balandeite the energy consumption mix
in transportation sector was congail almosentirely of petroleum products.

In 2014, MissouriGsectricity generatiomix was comprised largely abal 82%). Natural gas
contributed to about% while nuclear energy accounted foost of the remaining generation at
about11% of the electricity generation miz. The Missourieconomy is about72 more energy
intensive than the U.S. as a whole with the econwiagle energy intensity of the state in 2014
estimated to be 800 Btu/$ of GDP in comparison to the U.S. energy intensity of 5,700 Btu/$ of
GDP?> Although MissouriOs industrial sector is relatively small, it is highly carbon intensive
compared to the U.S. average. MissouriOs carbon intensity is almost 50%hiaig/iee t

national average. MissouriOs industrial sector is also relatively energy intensive, 18% higher
than the national average.
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Figure 25: Energy Consumption Mix by Fuelfor Missouri, 2014

600
500
400

300

200
) I
0

Residential Commercial Transportation Industrial

Energy Consumption (Trillion Btu)

HCoal ®Natural Gas ®Petroleum ®Renewables B Purchased Electricity

Combustion of atural gas is the pr@ominant source of emissioimsthe residential,
commercial, and industrial sectaccounting foB86%, 83% and51%, respectively of the three
sectors® emissiolisEmissions from the electric sector come predomipdram the use of
coal (about 9%); while almost all emissions from the transportation setgarvefrom the use
of petroleum products. The economywide carbon intensj of the state in 2014 was @.4
TCO,/O000$ of GDP in comparison to th&.Wide energy intensity of 0.31 TG@000$ of
GDP making it abous0% more carbon inteng than the U.S. as a whate.

88
5% & () &Y%+ (- 150 %



Figure 26: Emissions by FuelMix for Missouri, 2014
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2. State Level mpacts

MissouriO8025GDP loss of 1% isn par with the U.S. as a whabince its manufacturing base

is dominated by other manufacturing and motor vehiclesgalbors that are relatively less energy
intensive compared to the other manufacturing sectors. However, since theistersive

sectors are highly carbon intensive the impacts on these sectors are signifieaat. O
MissourDsconomy is negatively impacted from higher energy costs leading to lower overall
economic activity MissouriOs 1% loss in GIMP2025amountsgo a loss of about $4 billion. In

the medium term the losses could increase to about $7 billion; while in the long run the economy
could shrink by about 7%vhich isequivalent to a loss of $dillion as seen iTable42.

Table 42: Gross Domestic Producfor Missouri

2025 Avg.(20222031) Avg.(20342040)
Difference (201B$) -4 -7 -39
Percentage Change (%) -1% -2% -7%

On average i2025,industrial output declines by about 6% with Iron and Steel and Cement
suffering the most. Ae output from the chemicals and fabricated metaissabor arerojected
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to decline by about% and 2% respectivelyrelative to the baselineutput. Other energy

intensive suksectors, such as cement and iron and steel are imghetetbst. Output from

these sectors is projectemldecline by 18% and 2Q0%espectivelyrelative to baseline output

2025 The lower demand for fossil fueds a result of the GHG poliecgsultsaffects

significantlythe coal sectorCoal subsectoroutputdecreaseby about 20%rom the baseline in
2025. Average annual impacts for the four topic sectors relative to the baseline between 2022
2031 and 2032040 when the stringency of the policy incressignificantly are shown iffable

43,

Table 43. Sectoral Outputfor Missouri (Percentage Changéom Baseline)

Avg.(2022  Avg.(2034

2025 2040 2031) 2040)
Key Sectors
ONM -2% -12% -3% -9%
M_V 1.2% -16% 0.2% -12%
FAB -3% -11% -3% -9%
Topic Sectors
PAP -2% -9% -2% -7%
CMT -18% -17% -13% -15%
CHM -0.8% -9% -1.2% -6%
IS -20% -24% -19% -22%

Lower demand for goods and services producédigsourimeans that theraefewer
employment opportunities the manufacturing sector as wellower real wage in combination
with lower employment means that total wage income also decreaser wage income
translates directly taloss in household incorand its ability to demand goods and sersicé
typical householah Missouriin 2025 could see iBnnualhousehold income reduce by about
$190relative to current level8etween 2022 and 2Q, the impactsould be$700 per
household; while in the long run impatisusehold could losgn even morsignificant portion
of its income a seen irFigure27.
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Figure 27: Change in Consumption per Householdor Missouri ($/Household)

2025 Avg.(2022-2031) Avg.(2034-2040)
80 ]

B
-$1,000
-$1,500
-$2.000
-$2,500
-$3,000
-$3,500

-$4,000

Change in Typical Household Income (2015$/Household)

-$4,500

-$5,000

Lower overall manufacturing output also impacts employrireMissouriOs manufacturing

sector The manufacturing sector could lose ab6000 fulktime equivalent jobs in 2025

relative to the baseline; while tiMissourieconomy as a whole could lose abs@000 fulttime
equivalent jobs.The btal number ofgbslostcould more than double in the medium term
(between 20222031)to aboutl 00,000 andlecline byas much as 460,000 on average relative to
the baselinén the long run as seentine table below.

Table 44: Employment Impacts for Missouri (Change from Baseline in Thousandsf Job
Equivalents)

2025 Avg.(20222031)  Avg.(20342040)
Total -53 -100 -460
MAN -IND -7 -12 -50
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C.!' OHIO
1) Background

OhioOs GDas $589 billion in 2014, making Ohio the seventh largest state ecohoBtyio

ranks fourth among the 50 states in manufacturing gross domestic product. The manufacturing
sector is an important economic activity and is the largest contributor (18% of GDP) of OhioOs
GDP, as seen in the figure beldWwhereas manufacturing represents ali@gs of U.S. GDP>?

The productions of durable goods comprise about 53% of the stateOs manufacturii§ output.
Transportation equipment and fabricated metal are two of OhioOs largest manufacturing
industries with motor vehicles and machinery representing the stateOs twodgpding
commodities**’

Figure 28 Gross Domestic Productfor Ohio by Sector, 2014
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In 2014, the Other Manufacturing sabctor comprisd primarily of norrenergy intensive
manufacturing contributed the greatest to the manufacturing sector GDP with a share of about
40%>* In terms of individual sectors with the highest contribution, the refining sector has the
highest share at 14% followed by chemicals manufacturing ata8%sabricated metal

products and motor vehicle manufacturing both contributing around 11% each to the total
manufacturing sector GDP.

" Regional Data, Bureau of Economic Analysis, U.S. Departme@bofmerce.
*8 National Accounts Data, World Bank.
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Figure 29: Share of Gross Domestic Productor Ohio by Manufacturing Sub-Sector, 2014
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Transportation and thedustrial sector consume the largest amount of energy in @hm.
following chart presents energy consumption by fuel for the four broadesibrs for 2014.
Across the residential, commercial and industrial sectors, natural gas was the dominant fuel
comprising about 59%, 51%nd 37%respectivelyin the three sectors while the energy
consumption mix irthetransportation sector was congad almost entirely of petroleum
products® In 2014 OhioOs net electricity generation comes mainly from coal (6N&éjral

gas contributed about 18%, and nuclear energy accountetb&brof the remainder of the
generation at2%of the electricity generation miX The Ohio economy is about 14% more
energy intensive than the U.S. as a whdlee economywide energyntensity of Ohio in 2014
was 6,500 Btu/$ of GDP in comparison to the U.S. energy intensity of 5,700 Btu/$ cPGDP

%9 State Profiles and Energy Estimates, State Energy Data System (SEDS), U.S. Energy Information Administration
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Figure 30: Energy Consumption Mix by Fuelfor Ohio, 2014
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Natural gas isheprimary source of fuel in theesidentialcommercial, andndustrial sects
Hence emissions from natural gas combustion in these three seetoosit 91%, 88% and
63%%, respectively’® Emissions from the electric secuerivepredominantlyfrom coal usage
(about 89%); while almost all emissions from the transportation sector come frosethé
petroleum product® The economywide carbon intensity of the state in 2014 was 0.39
TCO,/O000$ of GDP in comparison to the US wide energy intarigitgl TCQ/O000$ of GDP
making it about 26% more carbon intensive than the U.S. as a Whakeforthe industrial
sector, Ohi@sndustial sectoris 13% and25%more energy and carbon intensive than the
average U.Sndustrial sectqrrespectively.
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Figure 31: Emissions by FuelMix for Ohio, 2014
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Given that Ohio is a manufacturing based economy that is relatively energy and carbon
intensive, GHG policy that restricts carboegatively affectd#s manufacturing sectors and the
overall economy. Higher costs of energy lead to ineesss of production of manufacturing
goods and hence lower demand. The loss in manufacturingadexitput leads to lower wage
income and hence lower consumption and overall economic activity in Ohio.

2. State Level mpacts

OhioOs GDP loss is about 1.2% while the U.S. as a ekmégiences GDP lossof about 1% in
2025. Ohio suffers greater econoriuss than the nation as a whole relative to the baseline since
its economy dependsoreon the manufacturing sectpwhichrelieson fossil fuel energyBy

raising energy costshé GHG policy has a direct effect on the manufacturing seGtbioOs

overdl economy is negatively impacted from higher energy costs leading to lower overall
economic activity.

In 2025, thel.2% loss in OhioOSDP amounts to a loss of about $9 billion. In the medium term
the losses could increase to about Billion; while in the long run the economy could shrink by
about 7%or equivalent to a loss of7® billion as seen iTable45.
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Table 45; Gross Domestic Producfor Ohio

2025 Avg.(20222031) Avg.(20342040)
Difference (201B$) -9 -14 -72
Percentage Change (%) -1% -2% -7%

In 2025 the sectoral outpditom the refinery suisectoris projected to declinby 8%; while
other major manufacturing sectors also are impacted negat®elyput from the lsemicals and
fabricated metadub-sectorare projected to fall bgbout 3% and 2%espectivelyrelative to the
baseline outputOther energy intensiv&ub-sedors such asementandiron and steehre
impactedo a greater extent with output from these sectors forecasted to decline by 16% and
13%, respectivelyrelative to baseline outpuhe demand for more efficient motor vehicles
could increase as the fumsts increaseespecially in the long run when the carbon price
increass significantly. The lower demand for fossil fuels restuitisignificant impact on the
natural gas and coal secoOutput from the atural gas and coalibsectorsdecreasesybl1%
and 22%, respectivelyrom the baseline iB025. Average annual impadts the four topic
sectorgelative to the baseline between 282231 and 2032040 when the stringency of the
policy increase significantly are shownimbelow table.

Table 46. Sectoral Outputfor Ohio (Percentage Change from Baseline)

Avg.(2022  Avg.(2034

2025 2040 2031) 2040)
Key Sectors

ONM -5% -13% -5% -11%
OIL -8% -43% -13% -40%

FAB -2% -11% -3% -8%

Topic Sectors

PAP -3% -11% -3% -8%
CMT -16% -27% -16% -23%
CHM -3% -13% -4% -10%
IS -13% -30% -13% -24%

Lower demand for goods and services produced in Slgiofiesfewerpeopleareemployed in
the manufacturing sector as well as in other sectors leading to lower incomelétothi®rce
Lower wage income translates directlyetimss in household income. A typicahio household
in 2025 could see its household income reduce by about $390 rédativeurrent levels
Between 2022 and 2031, the impacts are about $700 pselnaid; while in the long run
impacts are disproportionately larges seen ifrigure32.
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Figure 32 Change in Consumption per Householdor Ohio ($/Household)
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Lower overall manufacturing outpatso impacts employment witbhioOs manufacturing sector
projected to fac24,000 fulttime equivalent jobs losses in 2025 relative to the baseline; while
the economy as a whole could lose aldd® 000 fulttime equivalent jobsJobs impaacould
more than double in the medium term (between 20031) and increase significantly in the
long runas seen iTable47.

Table 47: Employment Impacts for Ohio (Change from Baseline in Thousandsf Job
Equivalents)

2025 Avg.(20222031) Avg.(20342040)
Total -110 -200 -880
MAN -IND -24 -35 -130
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D.I'  PENNSYLVANIA

1) Background

Pennsylvani@®$DPwas $672 billion in 2014, making it the siXdrgeststateeconomy>* As
seen in the figure below, transportation and traddethe greatest contribution to the stateOs
GDP at 149" The manufacturing sector contriledtto aboutl2% of the stateGBDP>*. About
48% of the stateOs manufacturing ouipirivolved in tte production of durable goods.

Figure 33: Gross Domestic Producfor Pennsylvaniaby Sector, 2014
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In 2014, the other manufacturisglbsector contributed the greatest to the manufacturing sector
GDP with a share of about 47% followed by the chemicals sector with a share of 20% and
fabricated metal products contributing around 9% to the total manufacturing sectéf GDP.
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Figure 34: Share of Gross Domestic Productor Pennsylvaniaby Manufacturing Sub-
Sector, 2014
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The transportation anddustrialsectos consume the largest amount of energi?emnsylvania
The following chart presents energy consumption by fuel for the four broaskstdrs fo 2014.
Across the residential, commergiahd industrial sectors, natural gaas the dominant fuel
sourcecompising abou#d5%,51%, and 36%0f the total energy consumptiarespectivelyin
the three sectonshile the energy consumption mix in transportation sector was comprised
almog entirely of petroleum products. In 2014, PensylvaniaOslectricity generatiomix was
comprised largely ofoal and nuclear each contributing to about 35% of the total net electricity
generation while atural gas comtbuted to about 34 of the total generatiof? The energy
intensity ofPennsylvaniaOs economyjiste similar to that of the U.S. as a whole
Pennsylvania@sonomywide energy intensitin 2014is estimated to be,800 Btu/$ of GDP in
comparison to the U.S. energy intensity of 5,700 Btu/$ of GBily a 2% difference.
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Figure 35: Mix of Energy Consuned by Fuel for Pennsylvania 2014
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Combustion of atural gas is the pr@ominant source of emissions in the residential,
commercial, and industrial sector with the shafremissions from natural gas combustion in
these three sectors amounting to 64%, 78f6 634, respectively> Emissions from the
electric sector come predamantly from the use of coal (about%; while almost all emissions
from the transportation sector come from the use of petroleum produtite economywide
carbon intenisy of the state in 2014 was 8.3 CQ/O000$ of GDP in comparison to th&.U
wide energy intensity of 0.31 TG@000$ of GDP making it about4énore carbon ensive
than the U.S. as a whale. Pennsylvania industrial energy consumptiongmtar ofoutput is
on par with the national average, but its industaesrelativelynorecarbon intensive than the
U.S. industry average.
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Figure 36: Emissions by FuelMix for Pennsylvania 2014

120
100
80

60 —

40

i .

Residential Commercial Transportation Industrial Electric

Emissions from Fossil Fuel Combustion (MMT CO,)

m Coal Petroleum ™ Natural Gas

2. State Level mpacts

Pennsylvania@werall economy is negatively impacted from higher energy costs leading to
lower overall economic activityCompared to the U.S. GDP loss of 1% in 2025, Pennsylvania
GDP loss in 2025 is about 1.8%. The large loss is due to the fact that the statie isareic
carbon intensive than the nation as a whélennsylvaniaOs 20@®P lossamounts to a loss of
about $15 billion. In the medium term the losses could increase to alaitli®?; while in the
long run the economy could shrink by abot 8quivaént to a loss of Sl billion as seen in the
table below.

Table 48: Gross Domestic Productor Pennsylvania

2025 Avg.(20222031) Avg.(20342040)
Difference (201B$%$) -16 -22 -91
Percentage Change (%) -2% -2% -8%

In 2025, theoutput from the chemicals and fabricated metatsedior are projected to decline
by about 1% and 2%espectivelyrelative to the baselineutput. Other energy intensive sub
sectors, such as cement and iron and steel are impacted to a greater géxtautpwi from these
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sedors forecasted to decline by 15% ané4d] éespectivelyrelative to baseline outputhe

lower demand for fossil fuels resuitssignificant impacts on the natural gas and coal sector
Output from the natural gas andal subsectors decreases by #Pand 22%, respectivelfrom

the baseline in 2025Average annual impacts for the four topic sectors relative to the baseline
between 2022031 and 2032040 when the stringency of the policy incresasgnificantly ae
shown inTable49.

Table 49 Topic Sectoral Outputfor Pennsylvania(Percentage Change from Baseline)

Avg.(2022  Avg.(2034

2025 2040 2031) 2040)
Key Sectors
ONM -5% -14% -5% -11%
FAB -2% -11% -3% -8%
OEM -10% -25% -10% -20%
Topic Sectors
PAP -7% -13% -7% -12%
CMT -15% -20% -15% -18%
CHM -1% -6% -1% -5%
| S -16% -31% -15% -26%

Lower demand for goods and services producdtemmsylvaniaignifies that the manufacturing
sectoras well as other sectoesnploys fewer peopleading to lower income for the labor force.
Lower wage income translates directlyetioss in household income. A typical household in
Missouri in 2025 ould see its houseld incomedeclineby about $J000relative to current
levels. Between 2022 dr2031, the impacts are about I0%er household; while in the long
run impacts are disproportionatelydar as seen iRigure37.
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Figure 37: Change in Consumption per Householdor Pennsylvania($/Household)
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Lower overall manufacturing output alsopacts employmerit PennsylvaniaOmanufaairing
sector It isprojected to face 2600 fulttime equivalent jobs losses in 2025 relative to the
baseline; while the econgnas a whole could lose about 1@d@0 fulktime equivalent jobs.
Employmenimpacts could more than double in the medium tdretween 20222031) and
increase significantly in the longn as seen ifable50.

Table 50: Employment Impacts for Pennsylvania(Change from Baseline in Thousandsf
Job Equivalentg

2025 Avg.(20222031)  Avg.(20342040)
Total -140 -230 -910
MAN -IND -26 -34 -110
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VII.I CONCLUSION

For this study we use NERAOs/ERA model to assess macroeconomic impacts on the U.S.
economy fronmpotential future policies teegulae greenhouse gas emissiorighe N ERA
integrated model, which consists of a-tbgppvn general equilibrium macroeconomic model of
the U.S. economy and a detailed dispatch model of the North American electricity,system
capturednteractions between all parts of the economy and transmits the effects of sectoral
responses of the policies throughout the econoiine model represents five U.S. regions (four
manufacturing based states and the rest of the U.S.) and captargachaing at a subsector
level. The model includes 16 industrial sabctors, of which five are energglated sectors and
11 are norenergy sectorsOf the 11 norenergy sectors reflected in the model, eight are
manufacturing sectors and the otheeérepresent the nenanufacturing subsector3he

model is run from 2016 through 2040 in thigzar time steps.

We develop a slate of scenarios to bracket the potential economic imscsmulate six
scenarios.The core scenarios are constructethst the U.S. as a whole meets its U.S. NDC
emission targetWe also design a scenario to capture the effect of reducing emissions from
feasible direct measurasd another that includesnationwide cap and trade program with
regulatory programs to mettte U.S. NDC targetThere is a great deal of uncertainty in the
availability of LULUCF offset to count against emissions tardet.capture this uncertainty we
run the core scenarios using two different estimates of sequestration.

This study only model€0O, emissions from fossil fuel combustiohlowever, in designing the
emissions cap we assume that sequestration andimtincother greenhouse gases comes at
zero cost Asa result our impactepresent éower boundor range othe impacs if costsfor
reducing norCO, gases were considere@he impacts reporteidnorepotential benefits from
climate changeBelow are some keysightsfrom the study:

*% Regulatory measures are an inefficient way to achieve climate donadsery case,
scenarios tat allow more flexibility achieve the same or greater emission reductions at
lower cost;

% An industryOs vulnerability under a U.S. GHG emissions abatement policy would be
determined by its energy and carbon intensity as well as its level of specializ&iamn.
is, the most carbon and intensivelustrial sectorghat are also commodity baseduld
likely experience the greatest losses in produamthey would experience the greatest
cost increases from using energy and be the sussieptible to interti@anal competition

*% The ability to use offsets as compliance mechanisms can significantly reduce costs;
equivalently the more sequestration and reductions in GH&s are available to
achieve national targets for all GHGs the less the burden wilbbergulation of CQ
emissions;
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*% In the next 10 years, regulation of the industrial sector to achieve NDC goals would be
responsible for most of the overall impact on the economy;

*% Without appearance of new technologgt to be developed, the costs of magti
recently announced deep decarbonaragioals will be approximatelytimes as costly as
meetingthe 2025 NDC targets;

*% States with a large share of enermgtensive manufacturing will be particularly severely
damaged by climate regulations;

*% Gains from dding a cap and trade program would be larger witkeprption than if
regulatory measures continue to be applied; and

*% Generally, stopping with the CPP for the electric sector leaves the cost of additional
reductions in electricity generation far below twsts other sectors must incur to achieve
their targets.It would be much less costly to allow other sectors to purchase credits from
the electric sector for emission reductions than to meet NDC targets on their own.
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APPENDIX A. DESCRIPTION OF THE NgwERA MODEL

NERAOs NERA modeling system is an integrated energy and economic model that includes a
bottomup representation of the electricity sector with dewel details that affect costs of
compliance. NERA integrates the electricity sector modeth a macroeconomic model that
includes all other sectors of the economy (except for the electricity producting)ausipdown
representatiorf-igure38 providesa simplified representation of the key elements of thsRA
modeling system.

Figure 38 N<,ERA Modeling System Representation
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The following discussions discuss the overarchipgHRA macroeconomic model, and the
electric sector module.
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A.l NewERA Macroeconomic Model

1. Overview of the N.wERA Macroeconomic Model

The N.wERA macro model is a forwaildoking, dynamic, computable general equilibrium

model of the United States. The mosiehulates all economic interactions in the U.S. economy,
including those among industry, households, and the government. The economic interactions are
based on the IMPLAN & 2008 database that is updated for 2015 benchmark year, which

includes regional dail on economic interactions among 440 different economic sectors. The
macroeconomic and energy forecasts that are used to project the benchmark year going forward
are calibrated to the most recé&mtnual Energy Outlook (AEO) 20¥dthout theCPPproduced

by the Energy Information Administration (EIA). Because the model is calibrated to an
internally-consistent energy forecast, the use of the model is particularhswtdt to analyze
economic and energy policies and environmental regulations.

2. Model Data (IMPLAN and EIA)

The economic data is taken from the IMPLAN 2008 database, which includes balanced Social
Accounting Matrices (SAM) for all states in 2008. These imtdustry matrices provide a
snapshot of the economy. Since the IMPLAN das&bcontains only economic values, we
benchmark energy supply, demand, trade, and prices to EIA historical statistics to capture the
physical energy flows. We integrate the EIA energy quantities and prices and update the SAM
to be consistent with 2015 aggate macroeconomic metrics, such as aggregate consumption,
investment, and GDP. The resulting database is a balanced-ecergymy dataset that reflects
2015.

Future economic growth is calibrated to macroeconomic GDP, energy supply, energy demand,
andenergy price forecasts from the EM=O 2016 Labor productivity, labor growth, and
population forecasts from the U.S. Census Bureau are used to project labor endowments along
the baseline and ultimately employment by industry.

3. Brief Discussion of ModelStructure

The theoretical construct behind thg,8RA model is based on the circular flow of goods,
services, and payments in the economy (every economic transaction has a buyer and a seller
whereby goods/service go from a seller to a buyer and paymentrgoethe buyer to the

seller). As shown ifrigure39the model includes households, businesses, government, financial

9 IMPLAN produces unique set of national structural matrices. The structural matrices form the basis for the inter
industry flows which we use to characterize the production, household, and government transactions. See
www.implan.com.
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markets, and the rest of the world economthay interact economically in the global economy.
Households provide labor and capital to businesses, taxes to the government, and savings to
financial markets, while also consuming goods and services and receiving government subsidies.
Businesses prodagyoods and services, pay taxes to the government and use labor and capital.
Businesses are both consumers and producers of capital for investment in the rest of the
economy. Within the circular flow, equilibrium is found whereby goods and serviceswansu

is equal to those produced and investments are optimized for the long term. Thus, supply is
equal to demand in all markets.

The model assumes a perfect foresight, zero profit condition in production of goods and services,
no changes in monetary poliand full employment within the U.S. economy.

Figure 39: Circular Flow of Income
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4. Production and Consumption Characterization

Behavior of households, industries, investment, and government is characterized by nested
constanelasticity of substitution (CES) production or utility functions. Under such a CES
structure, inputs substitute against each other in a nested form. The ease of substitutability is
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determined by the value of the elasticity of substitution between th&sinfphe greater is the
value of the substitution elasticity between the inputs; the greater is the possibility of tradeoffs.

The CES nesting structure defines how inputs to a production activity compete with each other.
In the generic production structy intermediate inputs are aggregated in fixed proportion with a
composite of energy and vakaelded inputs. The energy input aggregates fossil anfossih

energy sources, and the valdded input combine capital and labor. Sectors with distinctive
production characteristics are represented with structures different from the generic form. For
bulk chemicals sector we assume natural gas and oil feedstock are in fixed proportion to output.
Similarly for the iron and steel we assume a share of measdaedstock which is consumed in
fixed proportion to the output. The characterization of nonrenewable resource supply adds a
fixed resource that is calibrated to a declining resource base over time, so that it implies
decreasing returns to scale. Taiso implies rising marginal costs of production over time for
exhaustible resources. The detailed nesting structure of the households and production sectors,
with assumed elasticity of substitution parameters, is shown in figures below.

51 Households

Consumers are represented by a single representative household. The representative household
derives utility from both consumption of goods and services, transportation services, and leisure.
The utility is represented by a nested CES utility function. Tdmeieity of substitution

parameters between goods are showfigare40.

Figure 40: N.,ERA Household Representation

P4+6#R4* 7510*01&

\ / T~
/ TT=@ T
=

- //77<7:>”P@>B7C\\\ 2#06+$#
#$64")*7 04"A$)"6/4$1)104"
J$)"6/4$1)104"7 S
K#$L08#67M(HIN rd t #$%& O*+# 4
e S;/h //// 77:7 237{;70 ~__
P#)10"%7Q g0, O+, ---

H)1#$0)*6

T e TR

>>>> 54660*75+#*6 1*#81$0801&)/01)*  2)34%

N
17=>

Ay 9)6

6. Other Sectors

Thetrucking and commercial transportation sector production structure is shown in
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Figure4l. The trucking sector uses diesel as transportation fugk sector has limited ability

to substitute into other fossil fuels. The other industrial sectors (excluding bulk chemicals, iron
and steel, paper and allied products, and construction sector) and the services sector production
structure with assumed st&city of substitutions shown inFigure42.

In the model, each region has a single representative refinery sector that has a production
structure gnilar to other industrial secter We assume that crude oil is traded in the world
market as a homogenous good that responds to a single world price. This means that the
domestic price of crude oil is ey the world price.

For this study, we employ s@specialized production structure for the bulk chemicals, iron and
steel, wood products, and the construction sector. The production structure for bulk chemicals
and iron and steel allowsr modelng of energy feedstock inputs. We estimate, basedE0 A
2016, natural gas and oil feedstock inputs into the bulk chemicals sector and met coal feedstock
inputinto the iron and steel sector. We assume that these feedsteckasumed in fixed
proportion to the sectoral output. For the paper and alledlst productionwe assume bio

energy (proxy by agriculture commodity input) to be available as energy inputs in the energy
nest with limited substitutabilitggainsthe fossil fuels. The bienergy inputs are calibrated in

the baseline based on the ARQ16. For the construction sector, we assume a separate building
material nest that allows substitution between three building material inputs: wood products,
cement, and fabricated metals.
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Figure 41: NewERA Trucking and Commercial Transportation Sector Representation
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Figure 422 NewERA Other Production Sector Representation
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Figure 43: Specialized NewERA Production Sector for Iron and Steel, Bulk Chemicals, Papeand

Construction Sectors
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7. Exhaustible Resource Sector

The simplest characterization of nmmewable resource supply adds a fixed resource that is
calibrated to decline over time, so that the decreasing returns to scale implied for-the non
resource iputs lead to rising marginal costs of production over time. The top level elasticity of
substitution parameter is calibrated to be consistent with resource supply elasticity. We assume
the natural gas resource supply elasticity varies with the U.S.reessupply scenario.

Production from the crude oil and natural gas sectors is either supplied to the domestic market or
exported. Crude oil that is supplied to the domestic market is comingled with imported crude oll
and is supplied to the domestic refiy. Natural gas also follows a similar supply chain.

113
5% & () &Y%+ (- 150 %



Figure 44: N.,ERA Resource Sector Representation
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8. Trade Structure

All goods and services except crude oil are treated as Armington goods, which assume that
domestic and foreign goods are differentiated and thus are imperfect substitutes. The level of
imports depends upon the elasticity of substitution between the imported and domestic goods.
The Armington elasticity among imported goods is assumed to be &silarge as the elasticity
between domestic and aggregate imported goods, characterizing greater substitutability among
imported goods.

We balance the international trade account in th&RA model by constraining changes in the
current account deficdgver the model horizon. The condition is that the net present value of the
foreign indebtedness over the model horizon remains at the benchmark year level. This prevents
distortions in economic effects that would result from perpetual increases iwingrrout does

not overly constrain the model by requiring current account balances in each year.

9. Investment Dynamics

Periods in the model are linked by capital and investment dynamics. Capital turnover in the
model is represented by the standard @ssdhat capital at tinter 1 equals capital at tinteplus
investment at timéminus depreciation. The model optimizes consumption and savings
decisions in each period, taking account of changes in the economy over the entire model
horizon with perfectoresight. The consumers forego consumption to save for current and future
investment.

10! Labor Representation
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The underlying assumptions of labor growth and initial capital stock drive the economy over
time in the model.The model assumes full employmamthe labor marketThis assumption

means total labor demand in a policy scenario would be the same as the baseline labor
projection. The baseline labor projections are based on population growth and labor productivity
forecasts over timeHence, thdabor projection can be thought to be a forecast of efficient labor
units. The model assumes that labor is fungible across sectors. That is, labor can move freely
out of one production sector into another without any adjustment costs or loss of

productivty. Like labor, each region is endowed with its own capital stock and can move across
sectors without any adjustment cost.

11! Tax Representation

The N.wERA macroeconomic model includes a simple tax representation. The model accounts
for the following catgories of taxes: corporate income tax rate, personal income tax rate on
capital and labor, payroll taxes collected for Social Security under the Federal Insurance
Contributions Act (FICA) and for Medicare hospital insurance. The tax rates are based on the
National Bureau of Economic Research (NBER) tax simulation model, TAXSiMI Tax
Foundatiof”. Other indirect taxes such as excise and sales are included in the output values and
not explicitly modeled.

B.! Electric Sector Module

The electric sector modutkat is part of the NERA modeling system is a botteap model of

the electric and coal sectors. Therefore, this module represents the supply and demand for
electricity and coal. Consistent with the macroeconomic model described in the prior section,

the electric sector module is fully dynamic and includes perfect foresight (under the assumption
that future conditions are knownJhus, all decisions made within the module are based on
minimizing the present value of costs over the entire time horiztireahodule run while

meeting all specified constraints, including demand, peak demand, emissions limits, transmission
limits, renewable portfolio standard (RPS) regulations, fuel availability and costs, and new build
limits. This aspect of the module sgb (i.e. minimizing the present value of cost to meet

demand and satisfy a given set of physical constraints) is intended to mimic the general approach
that electric sector investors use to inform their decisions. In determining thedststethod

of satisfying all these constraints, the module endogenously decides:

51 For details on th@ AXSIM model please seehttp://users.nber.org/~taxsim/

62 Seehttp://taxfoundation.orgior more information.
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*% What investments to undertaked, addition of retrofits, build new capacity, repower
unit, add fuel switching capacity, or retire units);

*% How to operate each modeled umitg, when anchow much to operate units, which
fuels to burn) and what is the optimal generation mix; and

*% How demand will respond to changes in electricity prices.

The module thus assesses the teifie between the amount of demaside management

(DSM) to undertake ahthe level of electricity usage. Each unit in the module has certain
actions that it can undertak&or example, all units can choose to retire before the end of their
natural life, and many coal units can retrofit with pollution control equipment. pahicly-
announced actions, such as planned retirements, planned retrofits (for existing units), or new
units under construction can be specified exogenously as a module input.

The operation of each unit in a given year depends on the policies inglgcen(tlevel
standards), electricity demand, and operating costs, especially energy prices. The module
accounts for all these conditions in deciding when and how much to operate each unit. The
module also considers systemde operational issues suab environmental regulations, limits
on the share of generation from intermittent resources, transmission limits, and operational
reserve margin requirements in addition to annual reserve margin constraints.

Throughout the time horizon of the module rumgrder to meet any increase in electricity
demand, increase in reserve margin requirements, and/or replacement of retired generation, the
electric sector must build new generating capacity. Future environmental regulations, system
constraints (e.g., resve margin requirements), capital costs, and forecasted energy prices
influence which technologies to build and where. For example, if a national RPS policy is to
take effect, some share of new generating capacity will need to come from renewableQower.
the other hand, if there is a policy to address emissions, it might elicit a response to retrofit
existing fossifired units with pollution control technology or enhance existing-tioad units

to burn different types of coals, biomass, or natuaal gAll of these policies may also affect
retirement decisions. The:MERA electric sector module endogenously captures all of these
different types of decisions.

NewERA divides the U.S. into thirty four power pools, or regional networks of the gricebetw
which load is balanced. The module also includes five Canadian electricity regions to represent
the extensive trade in electricity between Canada and the U.S.

The electric sector module is fully flexible in the time horizon and the years for wisizhéts.
When used in an integrated manner with the macroeconomic model described in the prior
section, as is done in this analysis, the solution years are synchronized.
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C.! Integrated Ne,ERA Model

The coupling of the macroeconomic model with the electrioseabdel characterizes the
NewERA modeling framework. It fully integrates the macroeconomic model and the electric
sector model so that the final solution is a consistent equilibrium for both models, and thus for
the entire U.S. economy.

To analyze any gy scenario, the system first solves for a consistent baseline solution, and
then it iterates between the two mode|zices being sent from the macroeconomic model to the
electric sector model and quantities being sent from the electric sector mtigel to
macroeconomic mod@&until the prices and quantities converge in the two models.

D.I Model Scope: Regions, Sectoral Aggregation, and Time Horizon
1! Model regions

TheU.S. economy is representedfbse regions: Missouri, Michigan, Ohio, Pennsylvania, and
rest of the U.S.

2. Sectoral Aggregation

The model has the flexibility to represent sectors at different levels of aggregation. For this
specific study, the NERA model includes 19 sectors: five energy sectors (coal, natural gas,
crude oil, electricityrefined petroleum products) and fourteen-emergy sectors (services, bulk
chemical, cement, fabricated metal products, motor vehicle manufacturing, wood products, iron
and steel, other energitensive manufacturing, other nemergyintensive manufacturg, pulp

and allied products, agriculture, commercial transportation, and trucking.

Other sectors in the model are Residential, Commercial, and the Transportation sectors.
Transportation sector in the model is represented by two types of transpoeatioass

Commercial transportation which includes air, rail, and water borne transportation services and
the Trucking sector. The detailed sectors in the model are classified into four broad sectors.

3. Time Horizon

The model was run from 2016 through 204@hreeyear time steps.
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APPENDIX B. PROJECTED BASELINE EMISSIONS BY INDUSTRI AL
SUB-SECTOR

Table 51: Projected CO, Emissions from Fossil Fuel Combustion by Industrial Sector and
Fuel Type (MMTCO,)

2016 2019 2022 2025 2028 2031 2034 2037 2040
AGR

67.3 69.4 69.6 70.2 69.4 69.1 68.6 68.2 68.1
Total

63.2 65.4 65.8 66.4 65.6 65.3 64.9 64.5 64.3
Petroleum
Natural Gas 4.1 4.0 3.8 3.8 3.7 3.7 3.8 3.8 3.8

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Coal
CNS

35.0 442 47.7 48.8 49.0 50.1 50.5 51.9 52.9
Total

34.6 43.8 47.2 48.4 48.5 49.6 50.1 515 52.6
Petroleum
Natural Gas 0.4 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.4

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Coal
MIN

68.8 73.3 76.5 79.6 81.0 83.0 85.0 87.2 89.2
Total

16.9 18.7 19.9 20.7 21.1 21.3 21.6 21.9 22.2
Petroleum

51.0 53.6 55.6 57.8 58.9 60.6 62.4 64.3 65.9
Natural Gas

0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.1
Coal
OIL
Total 241.8 240.4 240.4 241.1 240.6 242.2 244.8 248.6 253.9

% The emissions forecast for the Cement is baseti@feedback from the Portland Cement Association. Similarly,
Paper and Allied Products sectorOs emissions projection is based communication from the American Forest and
Paper Association.
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153.8

Petroleum
Natural Gas 84.9
Coal 3.1
PAP
Total 428
Petroleum 18
Natural Gas 21.8
Coal 19.2
CHM
Total 127.1
Petroleum 139
Natural Gas 99.0
Coal 14.2
CMT
Total 26.3
Petroleum 2.5
Natural Gas 08
Coal 23.0
I_S
Total 83.4
Petroleum 57
Natural Gas 30.6
Coal 47.1
WOO
Total 52
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3.0

42.3

1.8

21.5

19.0

165.1

14.6

136.3

14.3

32.9

8.7

11

23.2

85.1

12.0

33.8

39.2

6.1

162.3

88.7

2.9

43.0

1.8

21.9
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2.0 2.0 2.0 2.0 1.9 1.9 1.8 1.8 1.8
Petroleum
Natural Gas 3.0 3.2 3.3 3.4 3.5 3.7 3.9 4.2 4.2
0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Coal
FAB
14.5 13.4 136 134 13.1 13.2 136 14.0 14.9
Total
0.9 1.0 1.0 1.0 0.9 0.9 0.9 0.9 1.0
Petroleum
13.5 12.5 12.6 12.5 12.2 12.3 12.7 13.1 13.9
Natural Gas
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Coal
M_V
Total 15.59 16.91 17.03 17.76 18.48 19.19 20.11 20.79 21.59
0.7 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Petroleum
14.3 15.6 15.7 16.4 17.1 17.8 18.8 19.5 20.3
Natural Gas
0.5 0.6 0.6 0.6 0.6 0.5 0.5 0.5 0.5
Coal
OEM
25.7 27.7 29.5 30.5 31.1 31.6 31.3 31.2 30.5
Total
5.4 7.4 8.4 8.9 9.2 9.2 9.1 9.1 8.8
Petroleum
20.3 20.3 21.1 215 21.9 22.4 22.3 22.1 21.7
Natural Gas
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Coal
ONM
Total 239.4 2624 283.4 302.4 313.2 324.7 339.3 353.6 368.8
22.5 24.5 25.3 28.1 27.4 26.7 26.5 26.4 26.7
Petroleum
169.7 185.7 203.0 215.7 225.3 235.7 248.2 260.3 272.5
Natural Gas
47.2 52.2 55.1 58.5 60.5 62.4 64.7 66.9 69.6
Coal
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APPENDIX C. TOPIC INDUSTRY BASEL INE CO, AND ENERGY
PROFILES

Cement

Combustion for heat generation during the cement manufacturing process ealditiaion

reactions that occur in the kiln are two primary sources of GHG emi$éi&missions from the
combustion of fossil fuels include GAN,O, and CH from the cement kiln and other onsite
combustion equipment. Of these the cement kiln leattethighest level of energy related
emissions and is typically fueled with coal. The other sources ge@@3sions include

transportation equipment used in the mining and transport of raw and finished materials and fuels
required for process operatibh Emissions from direct energy use can be reduced through fuel
switching and efficiency measures. Potential candidates for alternative fuels for use in the
cement industry include natural gas, biomass, and widasieed fuels such as tires, sewage
sludge,and municipal solid wastes. Efficiency improvements can reduce emissions by
addressing the production process through measures such as switching from wet to dry kilns,
adjustments in fan speed for greater efficiency and through technical and mechanical
improvements such as preventative maintenance and more efficient motors. Emissions from the
calcination process can béset (not addressed) to a limited degite®ugh the use of blended
cements where limestone based clinker is replaced by other magadalas fly ash and blast

furnace slag.

In the baselinehe carbon intensity of the cement sector from fossil fuel combustion is projected
to decrease by about%ZQelative to 2016 levels. Thdeclinecan primarily be attributed to a
decrease in emigms from coal and gas usath the carbon intensity associated with these fuel
sources projectetd decline by abou87%andL6% respectivelyelative to 2016 levelsThis

decline is partially offset by an increase in emissions from petroleummitisiés carbon
intensityprojected tanore than doublby 2040 as seen Figure45.

Figure 45: Trajectory of Baseline Carbon Intensity of Cement Manufacture by Fuel Source

%4 Recent research supports that a significant proportion of thesiems associated with the production of cement
are later offset by the carbonation process that occurs in cement materials used in building construction and
infrastructure. Xi, et al., OSubstantial global carbon uptake by cement carbomNditoneGGeosience(Nov. 21,
2016).

%5 Emissions from the transport of raw and finished materials in cement manufacture are accounted for in petroleum
use by the cement industry for purposes of modeling.
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Although the cement industryOs energy consumption is only @imsguarter of ongpercent of

total U.S. energy consumption, it was the most energy intensive of all manufacturing

industries®® On average, the share of energy use for other energy intensive industries was
roughly twice their share of gross output. Ceme&ilso unique in its heavy reliance on carbon
intensive fossil fuels such as coal and petroleum coke. Over the long term, EIA projections
forecast an increasing contribution from the cement industry to energy consumption as well as an
increasing sharef total gross output of goods and services.

In themodelbaseline, thenergy intensity of the cement sector from fossil fuel combustion is
projected to increase by abouaBy 2040relative to 2016 levels. This increase can primarily
be attributed t@n increase in the energy use from petroleum proaitists energy intensity
forecasted to more than double by 2040. This decline is partially offset by an increase in

% The cement industry is the most energy intensive of all maturfag industriesToday in Energy, U.S EIA, July
2013.Availablehttp://lwww.eia.gov/todayinenergy/detail.cfm?id=11911
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emissions from coal and natural gas use which is projected to declin@dan20P6 by 2040

respectiely as seen ifrigure46.

Figure 46: Trajectory of Baseline Energy Intensity of Cement Manufacture by Fuel Source
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Paper and Allied Products

GHG emissions frorpaper and allied produatsanufacturing are predominantly G@ith

smaller amounts of CHand NO. The emissions associated wptper and allied products

manufacturing can be attributed to:

(1) Combustion of ossite fossil fuels; and

(2) Nonrenergy related emission sources, sastvyproduct CQ emissions from the lime kiln
chemical reactions and Gldmissions from wastewater treatment. These emissions come
directly from thepaper and allied producatsill. Additionally, indirect emissions of GHGs can
result from the offsite geeration of electricity purchased by the mill.
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Natural gas, fuel oil, purchased electricity, and coal are the key eredagiyd GHG emission
sources for the paper and allied products manufacturing prodésscarbon intensity opaper
and allied prodats manufacture from fossil fuel combustion is projected to decrease by
about13% by 2040 relative to 2016 levels with carbon intensities @bal, gas, and oil
following a similar trajectoryf decline as seen Figure47.

Figure 47: Trajectory of Baseline Cabon Intensity of Paper and Allied Productsby Fuel
Source
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Electricity is used throughoutpaper and allied pouctsmill to power motors and machine

drives, conveyors, pumps, and building operations such as lighting and ventilation. The largest
use of fuels is in boilers, which are used to generate steam for use in pulping, evaporation,
papermaking, and other ajp#ions. Black liquor is the most widely used fuel for boilers
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followed by hog fuél’ and natural gas and to a much lesser extent, coal. Natural gas and oil are
typically employed as fuel sources in lime kilns.

The primary technique identified for redwstiof GHG emissions and lowering the energy

intensity of thepaper and allied producatsanufacturing process is improvement in energy
efficiency. Given that steam is the largest end use of energy followed by electricity, energy
efficiency techniques targgd towards reducing steam system losses and improving the
efficiency of equipment using process steam are likely to reduce the energy intensity the most
Additionally the use of two key biomass-pyoductsbblack liquor and hog fuddfrom the
manufactuing process as fuel can significantly reduce the industryOs dependence on purchased
fossil fuels and electricity and also contribute towards lowering the energy intensity.

Similar to the trajectory for carbon intensity, the energy intensity of papetletdpoducts
manufacture from fossil fuel combustion is projected to decrease by about13% by 2040 relative
to 2016 levels witlenergy intensitiefor coal, gas, and odeclining at a similar ratas seen in
Figure48.

" Hog fuel is amixture of bark and other wood waste usually paetliby sawmills It is burned to produce energy
and steam.
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Figure 48: Trajectory of Baseline Energy Intensity ofPaper and Allied Productsby Fuel
Source
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Iron and Steel
GHG Emissions from steelmaking are generated from one of the following sources:

(1) Process emissions, where both raw materials and combustion may contribuge to CO
emissions;

(2) CO; emissions from combustion sources alone; and

(3) Indirect emissionsesulting from electricity consumption (primarily in the EAF) and in
finishing operations such as rolling mills at both integrated and EAF plants).

For integrated steelmaking, the primary sources of GHG emissions are blast furnace stoves (43
percent), misellaneous combustion sources which burn natural gas and other process gases (30
percent), other process units (15 percent), and indirect emissions from electricity use (12
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percent)\®® For EAF steelmaking, the primary sources of GHG emissions includedndire
emissions from electricity use (50 percent), combustion of natural gas in combustion units (40
percent), and steel production in the EAF (10 per¢&mir Coke facilities, the battery stack is

the highest source contributing to ovef®6f the GHG emissions for recovery coke plants and

9% of the GHG emissions for narecovery plant§®

Thecarbon intensity of iron and steel manufacture from fossil combustion is projected to
decrease by nearly @by 2040 relative to 2016 levels. This decline is attributed to a decrease
in CO; emissions from coal and natugas use with the larger contributor to this decrease being
coal use, where carbon intensity is projected to decline by nearly half by 2040 rel20\& to
levels as seen iRigure49. The decrease is partially offset by an increase in carbon intensity
from petroleum, which is projected to grow by abou28/ 2040 relative to 2016 levels.

% Available and Emerging Technologies for Reducing Greenhouse Gas Emissions from the Iron and Steel Industry,
U.S. EPA, September 201Rvailable: https://www.epa.gov/sites/production/files/2015
12/documents/ironsteel.pdf
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Figure 49: Trajectory of Baseline Carbon Intensity oflron and Steel Manufacture by Fuel
Source
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Energy consumption in the steel industry is largely used for crude steel produciigghtthe

BOF and EARechnology routes. The overall energy intensity in EAF, which is used primarily
to melt scarp steelsisignificantly lower than the BOF route where steel is created by reducing
iron ore® In 2014, BOF technology accounted for about 37% of total U.S. steel production,
and EAF accounted for 63% of the totalOver the past two decades, a shift from BOEAF

has contributed to a substantial reduction in the energy intensity of the U.S. steel industry.

%9E. worrell, P. Blinde, M. Neelis, E. Blomen, and E. MasaBagrgy Efficiency Improvement and Cost Saving
Opportunities for the U.S. Iron and Steel IndugBgrkeley, CA: Lawrence Berkeley National Laboratory,
October 2010) Availablenhttps://www.energystar.gov/ia/business/industry/lron _Steel Guifle.pd

0 U.S. Geological Suey, 02015 Mineral Commodity Summaries: Iron and Steel,O Available:
http://minerals.usgs.gov/minerals/pubs/commodity/iron & steelZ0d$feste.pdf
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Apart from the basic process choice for crude steel production, technology choices which are
based on the desired product specifications, demand, fuespand environmental policies can
affect energy intensity. Technology advances in both BOF and EAF crude steel production
processes such as blast furnace gas recovery, pulverized coal injection, and staagpyes

well as advances in the rolling@casting processes have contributed towards lowering of the
energy intensity for iron and steel manufacturihg.

Theenergy intensity of the iron and steel sector from fossil fuel combustion is projected to
decrease by about B3relative to 2016 leveld his decrease can be attributed to a decrease in
energy use from coalhose energy intensity ferecasted to decrease by about half relative to
2016 levels by 2040. The decline is partiallfset by an increase in enerfygm petroleum use
whose energy intensity is projectidincrease by about 3bby 2040 as seen iRigure50.

"L Steel Indistry Energy Consumption: Sensitivity to Technology Choice, Fuel Prices, and Carbon Prices in the
AEO 2016 Industrial Demand Module, July 2016. Available at
https://www.eia.gov/forecasts/aeo/section_issues.cfm#steel_industry
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Figure 50: Trajectory of Baseline Energylntensity of Iron and Steel Manufacture by Fuel
Source
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Bulk Chemicals

Natural gas, liquefied petroleum gases, and natural gas liquids are the major energy sources
used in the bulk chemicals industryhe carbon intensity of bulk chemicals manufactiroen

fossil fuel combustion is projected to increase initially and then decline post 2022 with the
carbon intensity declining by %by 2040 relative to 2016 levelshe carbon intensities of

coal, oil and natural gas are projected to decline by aboutr8émt, 3% and 126 by 2040
respectively vs. 2016 levels as seefigure51.
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Figure 51: Trajectory of Baseline Carbon Intensity of Bulk Chemicals Manufactureby
Fuel Source
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The bulk chemicals industry is fairly energy intensive requiring large amount of energy for the
production of basic chemicals, plastics, and agricultural chemiga010, bulk chemicals
accounted for about 5% of the nationOs energy use and were estimated to provide the nationOs
economy with 4% of its GDP'? Over the long term, EIA projections forecast a declining
contribution from the bulk chemicals industry te thconomy and energy consumptiofihe

energy intensity of bulk chemicals manufacture is projected to decline by about 17% by 2040
relative to 2016 levels as sei@rthe figure below.The energy intensities abal, oil and natural

gas use are projectéal decline by about 34 percent,%8&nd 146 by 2040 respectively vs.

2016 levels as seen kigure52.

"2Bulk Chemicals industry us@&b of U.S. energy, Today in Energy, U.S. EIA, June 2013. Available:
http://www.eia.gov/todayinenergy/detail.cfm?id=11531
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Figure 52: Trajectory of Baseline Energy Intensity of Bulk Chemicals Manufacture
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Table 52 andTable53 outline the carbon and energy intensity for the topic industries and other
key industrial catgories measured relative to 20&6els
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Table 52: Baseline Carbon Intensity for Key Industrial Sector Categories (TCQper 2012
O000$s of Output) [2016 = 1.00]

2016 2019 2022 2025 2028 2031 2034 2037 2040

AGR 1.00 1.05 0.95 0.87 0.79 0.73 0.68 0.63 0.59
CNS 1.00 0.97 1.00 0.95 0.90 0.87 0.87 0.84 0.80
MIN 1.00 0.81 0.79 0.76 0.73 0.70 0.72 0.68 0.65
REF 1.00 0.94 0.90 0.88 0.86 0.85 0.82 0.89 0.87
PAP 1.00 0.94 0.92 0.92 0.91 0.89 0.89 0.88 0.87
CHM 1.00 1.17 1.13 1.08 1.01 0.95 0.91 0.87 0.83
CMT 1.00 0.96 0.97 0.98 0.91 0.87 0.89 0.83 0.80
I_S 1.00 0.97 0.92 0.93 0.85 0.78 0.70 0.64 0.59

FAB 1.00 0.87 0.81 0.73 0.66 0.62 0.61 0.58 0.58
\Wele) 1.00 0.91 0.86 0.82 0.75 0.74 0.72 0.70 0.66
OEM 1.00 111 1.06 1.00 0.93 0.88 0.81 0.74 0.67
ONM 1.00 s1.04 1.03 1.00 0.96 0.93 0.92 0.90 0.87
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Table 53: Baseline Energy Intensity for Keylndustrial Sector Categories (thousand Btu

per 2012 $ of Output) [2016=1.00]

2016 2019 2022 2025 2028 2031 2034 2037 2040

AGR 1.00 1.05 0.94 0.86 0.78 0.71 0.66 0.61 0.57
CNS 1.00 0.86 0.84 0.81 0.79 0.79 0.82 0.80 0.79
MIN 1.00 0.80 0.78 0.76 0.72 0.71 0.72 0.69 0.67
REF 1.00 0.98 0.94 0.93 0.92 0.90 0.88 0.94 0.93
PAP 1233 3245 3246 3246 3243 3274 3274 3278 3278
CHM 1.00 1.16 1.12 1.07 1.00 0.95 0.90 0.87 0.83
CMT 1.00 1.07 1.12 1.15 1.08 1.06 1.13 111 1.13
I_S 1.00 0.95 0.92 0.94 0.87 0.80 0.74 0.70 0.67

FAB 1.00 0.84 0.76 0.68 0.61 0.57 0.55 0.53 0.52
WOO 1.00 0.92 0.87 0.82 0.77 0.76 0.75 0.72 0.69
OEM 1.00 1.06 0.98 0.91 0.85 0.80 0.73 0.67 0.60
ONM 1.00 0.99 0.99 0.96 0.91 0.87 0.87 0.83 0.80
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APPENDIX D. DESCRIPTION OF DIRECT MEASURES

A.! Improvements in Energy Intensity from Process Industries

To compute improvements in energy intensity from the deployment of more esfécggnt
technologies, we use AEO 20160s Ené&ffjgient Technology Case as our reference. This case
assumes improvements in technological energy efficiency over timehéar compared to the
Reference Case in five process industrigsairticular Baluminum cement and lime, glass, iron
and steel, and paper with no demsantk energy efficiency incengg. The scenario assumes
thatexisting technologies are assumed to be retired sooner, and new technologies have a shorter
lifespan than in the improvements come frABO 2016 Reference Case which in turn provides
more opportunities for the deployment obra energyefficienttechnologieswWe calculate the
energy intensity for each sector by fuel category (coal, petroleum, natural gas and purchased
electricity) for the five process industries by dividing the energy consumption by fuel type with
the total véue of shipments for each sector. A similar calculation is carried out for AEO 20160s
Reference Case without CPP which we have adopted as our baseline. We then palogate
changes in the computed energy intensity values betwedwt cases by fuehtegory Table

54 presents th reductiondrom thebaseline for the five process industries.

Table 54: PercentReduction in Energy Intensity for Key Process Industries [Energy
Efficient Technology Case vs. Reference Case without CPP]

2016 2019 2022 2025 2028 2031 2034 2037 2040
PAP Petroleum -2% -6% -11% -15% -15% -13% -13% -13% -12%
Natural Gas -3% 1%  -13% -19% -21% -20% -20% -20% -19%
Coal -3% -8% -13% -17% -16% -13% -12% -12% -11%
Electricity 5%  -10% -16% -22% -22% -17% -17% -16% -14%
CMT Petroleum 2% 6% 9% 11% 8% 1% -1% -3% -4%
Natural Gas -7% -10% -11% -13% -14% -16% -16% -16% -16%
Coal -7% 9% -11% -14% -16% -15% -14% -14% -14%
Electricity -7% 9% -11% -12% -14% -14% -16% -16% -17%
I_S Petroleum -1% 0% -1% -3% -2% -2% -3% -2% -1%
Natural Gas -7% -8% -13% -14% -17% -16% -14% -14% -15%
Coal 6% 4% 5% -7% 1% 8% 0% 0% 3%
Electricity -2% 0% -1% 0% -1% -2% -2% -2% -2%
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OEM Petroleum -1% 0% 0% -1% -2% -2% -2% -3% -4%
Natural Gas -3% -5% -6% -7% -8% -12% -14% -14% -14%

Coal 0% 0% 0% 0% 0% 0% 0% 0% 0%

Electricity -9% -8% 9% -10% -11% -12% -9% -9% -8%

B.! Improvements in Vehicle Fuel Economyfor LDV and Energy Intensity
Improvement for the Trucking Sector

We imposdlirect measures that call for improvement in the fuel economy standard for light duty
vehicles. To represent improvements in vehicle fuel ecoppwe use AEO 20160s Extended
Policies Case as our reference. This forecast includes thafoibtite CAFE and vehicleHG
emissions for model years MY 2012 to 2025 for light duty vehicles (LDV). While in the
Reference Case without CPP, the CAFE standards are assumed to remain constant at MY 2025
levels in subsequent model years, the Extended Policies Case assumes tisad tt@mgnued
increase in CAFE standards at an annual average rate of 1.4% for new LDVOs aft€éaB@25.

55 presents a comparison of the fleet miles per gatbothie two cases.

Table 55: Fleet Miles per Gallon for AEO 20160s Reference Case with@®P and
Extended Policies Case

2016 2019 2022 2025 2028 2031 2034 2037 2040

Reference
Case without  22.0 234 251 273 297 319 337 352 362
cPP
Extended ., .34 251 273 208 325 350 374 394
Policies

To represent improvements in energy intensity from the trucking sector, we use AEO 20160s
Phase 2 Standards case as our reference. The proposed standards that are partcddbe side
build on the Phase 1 GHG standards for meédhluty vehicles and heavy duty vehicles that were
implemented beginning in MY 2014. While the Phase 1 standards extend through MY 2018, the
Phase 2 standards begin in MY 2021 and increase in stringencghhvt2027. We compute
energy intensity by year for the trucking sector (which comprises of commercial light and freight
trucks) by dividing the energy use with the vehicle miles travellguerdenteduction is then
calculated for the energy intensity. the Reference Case without CPBble56 presents the
percenteduction in energy intensity.
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Table 56: Energy Intensity Improvements from Trucking

2016 2019 2022 2025 2028 2031 2034 2037 2040
- - -3% -6% -10% -14% -16% -18% -20%

C.!I CO, Emission Reductions in the Electricity Sector

To represent reductions in the carbon intensity for the electricity sector, we use AEO 20160s
Extended Policies Case as our reference. While the Reference Case incl@fiRvinech is

phased in over 2022030 with mass based compliance strategies cuy®oth existing and new
generators, the Extended Policies Case assumes a further reduction in targets post 2030. In the
Extended Policies Case, the power sectos €flssion reductions are about 35% below 2005

levels in 2030 followed by a linear declitee45% below 2005 emission levels in 20F@ble57
presents the mass based emission limits modeled for the Extended Policied<oas$ellowing
CaliforniaOs SB 350e implement a national RPS target o#3® 2022 rising to 5% by 2030

and beyond.

Table 57: Mass-based Emission Limits for the Extended Policies Case (MMTC%)

2016 2019 2022 2025 2028 2031 2034 2037 2040

- - 1,800 1,677 1,583 1,521 1,456 1,391 1,327

D.! Reduction in Delivered Energy Consumption for the Buildings Sector

We represent reduction in the delivered energy consumption for the building sector based on
AEO 20160s Extended Policies Case. The delivered energy consumipiobuiitdings sector
decreases from its 2015 level with renewable distributed generation (DG) technologies grovidin
much of the energy savinggable58 presentshe percenteduction in delivered energy
consumption compardd theReference Case.

Table 58: Percent Reduction in Delivered Energy Consumption for the Building Sector
[Extended Policies Case vs. Reference Case]

2016 2019 2022 205 2028 2031 2034 2037 2040

-0.01% -0.2% -1% -2% -3% -3% -4% -5% -5%
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