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l.  EXECUTIVE SUMMARY

The Department of Energy (DOE) is responsible for autharizing exports of U.S. natural gas, including
liquefied natural gas (LNG), to foreign countries pursuant to section 3 of the Natural Gas Act (NGA), 15
U.S.C. 717b. Under the NGA provisions, applications requesting authority for the import or export of
natural gas, including LNG, from and to a nation with which there is in effect a free trade agreement
(FTA) requiring national treatment for trade in natural gas, and/or the import of LNG from other
international sources, are deemed consistent with the public interest and granted without modification
or delay. For Authorizations relating to those countries with which the United States does not have an
FTA reguifing-Rratiora-treatment-tradedn-raturalgas-and with which trade is not prohibited by U.S. law
or policy, then pursuant to Section 3(a) of the NGA DOE is required to grant a permit to export
domestically produced natural gas unless it finds that such action is not consistent with the public
interest.

To inform its Public Interest determination, since 2012, the Office of Fossil Energy and Carbon
Management (DOE-FECM) and its predecessor, the Office of Fossil Energy, previously commissioned five
studies to assess the effects of different levels of LNG exports on the U.S. economy and energy markets.
This sixth updated study, like the previous ones, servesé as an input to be considered in the evaluation
of applications to export LNG from the United States under Section 3 of the NGA.

The purpose of this latest study was-is to examine the potential global and U.S. energy system and
greenhouse gas (GHG) emissions implications of a wide range of economic levels of U.S. LNG exports.
The study was comprised of three coordinated analyses: 1) a Global Analysis to explore a wide range of
scenarios of U.S. LNG exports under alternative assumptions about future socioecanomic growth,
regional preferences for domestically produced natural gas, pace of technalogical change in competing
technologies (e.g. renewables), and countries’ announced GHG emissions pledges and policies; 2) a U.S.
Domestic Analysis of the implications of the various U.S. LNG export levels derived from the Global
Analysis for the supply and demand of natural gas within the U.S. and the U.S. economy; and 3) a Life
Cycle Analysis to examine the life cycle emissions implications of the various levels of U.S. LNG exports
derived from the Domestic and Global analyses.

As part of the Global Analysis, we-DOE-FECM explored seven scenarios spanning a range of plausible
U.S. LNG export outcomes by 2050 using the Pacific Northwest National Laboratory’s Global Change
Analysis Model (GCAM). GCAM is a model of the glabal energy, econamy, agriculture, land use, water,
and climate systems with regional detail in 32 geopolitical regions. This includes major economies as
single-country regions (e.g., U.S., Canada, China, India, Russia). The seven scenarios explored in this
study are shown in Table ES-1.
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Table ES-1. Scenario Descriptions

Scenario

§1: Reference Exports

Description

Reference scenario in which U.S. LNG
exports follow EIA’s 2023 Annual
Energy Outlook (AEO). Incorporates
U.S. policy assumptions (including
the 2022 Inflation Reduction Act).
Assumes existing policies and
measures, globally.

U.S. LNG Export Volumes
(Bcf/d)

| Grows to 27.34 Bcf/d by 2050
|

52: Market Response

Assumes policies consistent with S1,
but U.S. LNG exports are determined
by global market equilibrium.

GCAM Market Response

| 53: High Global Demand

Same assumptions as 52, U.S. LNG
exports determined by global market
equilibrium, but assumes higher
population growth outside of the U.S.

54: Regional Import Limits

| Same assumptions as 52, U.S. LNG

exports determined by global market

| equilibrium, but includes constraints
| on importing and exporting natural
| gas with a global focus to maximize

use of domesticgas.

| 55: Low-cost Renewables

Same assumptions as 52, U.S. LNG

exports determined by global market

equilibrium, but assumes lower
capital costs for renewable energy
technologies.

S6: Energy Transition (Ref
Exp)

57: Energy Transition

Assumes an emissions pathway
consistent with a global temperature
change of 1.5°C by end of century.
Countries’ emissions are constrained
to announced GHG pledges, including
the U.S. following a path to net-zero
GHG emissions by 2050. NEMS
follows CO, emissions constraint
from GCAM. U.S. LNG exports are
limited to the values from the AEO
2023 Reference scenario.

| Grows to 27.34 Bcf/d by R050]

Same emissions pathway
assumptions as S6, but U.S. LNG
exports are determined by global
market equilibrium.

GCAM Market Response
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All of the scenarios include representations of the 2022 Inflation Reduction Act (IRA) in the U.S. and
existing emission policies in the rest of the world. The scenarios also include a constraint on Russian
exports. The modeling and analysis for this report was completed by August 2023.

The U.S. Ddomestic Aanalysis was conducted using the National Energy Modeling System (NEMS). U.S.
LNG exports (for all scenarios except $1) and CO, emissions (in scenarios S6 and $7) used in NEMS were
harmonized to values from GCAM. NEMS was then used to explore the implications of the seven global
scenarios feron domestic gas prices, the energy system, and the macro-economy within the U.S.

Finally, the Life Cycle Analysis of natural gas used for export was enhanced by comparing the results
provided from the domestic and global analyses to previously completed NETL studies of the natural gas
life cycle. GCAM results were assessed against existing DOE life cycle studies of natural gas and aligned
to have the same GHG intensity for the purposes of consistency. The main results of this analysis were a
series of estimated market adjustment factors that supplement the previous life cycle analyses and
better represent the total global change in emissians per unit of U.S. LNG exported.

A number of key insights emerged from this study:

1. Across all modeled scenarios, U.S. LNG exports and U.S. natural gas production increase beyond
current levels-through 2050 (Figure ES-1).

2. Global natural gas consumption increases only slightly (<1 percent) under a scenario with
increased availability of U.S. natural gas in the global market that reflects economically driven
LNG export levels (S2) compared to the reference scenario (S1). The majority of the additional
U.S. natural gas substitutes for other global sources of natural gas.

3. U.S. natural gas prices as measured at the Henry Hub increase modestly when comparing a
scenario that reflects global market demand for exports (S2) to the reference scenario (S1).
Across those scenarios, 2050 Henry Hub prices were-are projected to increase from $3.61/Mcf
to $4.74/Mcf, both of which are less than the reference 2050 price expected in the most recent
study® commissioned on the economic impacts from U.S. LNG exports in 2018.

4. U.S. residential prices were-are projected to be 4% higher in 2050 when comparing a scenario
that reflects global market demand for exports (S2) to the reference scenario (S1).

5. The value of industrial shipments remains essentially unchanged (increasing less than 0.1% by
2050) under a scenario that reflects global market demand for exports (S2) compared to the
reference scenario (S1). The impact of increased LNG exports on GDP is essentially flat: positive
by less than 0.1% across scenarios through 2045 while all changes are within 0.3% in 2050.

6. Global and U.S. GHG emissions do not change appreciably across the scenarios with current
climate policy assumptions (52 to 55) even though these scenarios vary widely in terms of U.S.
LNG export outcomes. In these scenarios, global emissions range fram 47.5-50.3 Gt CO,e and
U.S. emissions range from 4.3-4.6 Gt CO,e while U.S. LNG exports range from 23 to 47 Bcf/day.

7. The induced global market effects per unit of increased LNG exports in a scenario that reflects
global market demand for exports (52) compared to the reference scenario (S1) are equivalent
to an overall reduction in GHG emissions that is about 70% of the estimated upstream emissions
associated with production through delivery of the natural gas through the transmission system
in the U.S. :

8. Relative to the other scenarios, the scenarios in which countries are assumed to achieve GHG
emissions pledges and pursue ambitious GHG mitigation policies (S6 and §7) are characterized
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by lower energy consumption; lower fossil fuel consumption [without carbon capture, utilization,

and storage (CCUS}!,- higher deployment of renewables and fossil fuels and biomass with CCUS; Commented [ST2]: Did we run a non-CCUS S6 and

and higher deployment of carbon dioxide remaoval strategies. S7 case?
What supports this finding?

US LNG exports

60
50 S3: High Global Demand
S§2: Market Response
S5: Low-cost Renewables
40
> : s
- S7: Energy Transition
2 30
‘C §1: Reference Exports
o S6: Energy Transition (Ref Exp)
= 1 S4: Regional Import Limits
20
10
0

2015 2020 2025 2030 2035 2040 2045 2050

Figure ES-1. U.S. LNG exports across the scenarios explored in this study. Note that the U.S. LNG export
outcomes for 52 and S5 were very close to each other.
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Il.  BACKGROUND ON LNG EXPORT STUDIES COMMISSIONED BY DEPARTMENT OF ENERGY

Since 2012, the Office of Fossil Energy and Carbon Management (DOE-FECM) and its predecessor, the
Office of Fossil Energy, previously commissioned five studies on the effects of increased LNG exports on
the U.S. economy and energy markets. The previous studies of the impact of LNG exports are listed in
fl'able 1L

The EIA 2012 study examined four different levels of exports across four domestic natural gas supply
scenarios for a total of 16 scenarios. Exports ranged from 6 to 12 Bef/day with varying trajectories. The
supply scenarios were: AEQ2011 Reference, High Shale Estimated Ultimate Recovery (EUR), the Low
Shale EUR, and High Economic Growth. Key results demonstrate that natural gas markets balanced the
increased exports through increased supply and prices and a reduction in demand for power generation
and in the other sectors.

The NERA 2012 report used NERA's Global Natural Gas Model (GNGM) and NewERA energy-economy
model to look at the domestic economic effects of LNG exports. Building upon the EIA 2012 study, the
NERA 2012 report examined sixteen scenarios from the earlier study using different assumptions on
natural gas supply and demand. The report additionally included scenarios examining the global demand
for U.S. LNG exports and the macroeconomic impact of increased LNG exports on the economy.

The EIA 2014 study included updated export scenarios from 12 to 20 Bcf/day and domestic natural gas
supply scenarios from AEO2014: the Low and High Qil and Gas Resource scenarios, High Economic
Growth, and Accelerated Coal and Nuclear Retirements. Increased exports led to increased natural gas
production and prices relative to respective base scenarios, though also higher primary energy
consumption and energy-related CO, emissions.

Table 1. Previous Studies

Report Name QOrganization Short Name
Effect of Increased Natural Gas Exports on EIA i EIA 2012
Domestic Energy Markets* 5 Eed O TR e
| Effect of Increased Natural Gas Exparts on | NERA " | NERA 2012
 Domestic Energy Markets® | i PE——
Effect of Increased Levels of Liquefied | EIA EIA 2014

_ Natural Gas Exports on U.S. Energy Market® |

1U.S. EIA. (2012). Effects of Increased Natural Gas Exports on Domestic Energy Markets. Available at:
https://energy.gov/sites/prod/files/2013/04/f0/fe_eia_lng.pdf

2 NERA Economic Consulting. (2012). Macroeconomic Impacts of LNG Exports from the United States. Available at:
https://energy.gov/sites/prod/files/2013/04/f0/nera_Ing_report.pdf

3.5, EIA. (2014). Effect of Increased Levels of Liquefied Natural Gas Exports on U.S. Energy Markets. Available at:
https://www.eia.gov/analysis/requests/fe/pdf/Ing.pdf
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Repart Name Organization Short Name
' The Macroeconomic Impact of Increasing | Baker Institute/ Oxford Economics | Baker 2018
| U.S. LNG Exports* |

- Macroeconomic Outcomes of Market NERA 5T | NERA 2018
| Determined Levels of U.S. LNG Exports® |

The Baker 2015 study examined U.S. LNG exports of 12 and 20 Bcf/day. Two models were used: an
international natural gas model (from the Baker institute) and a global economic model from Oxford
Economics. This study outlined the international conditions that could result in a market for over 20
Bcf/day of LNG exports and examined in the impact on the U.S. economy of scenarios with 12 and 20
Bcf/day of LNG exports and with low gas resource recovery, high gas resource recovery and high
demand.

The NERA 2018 study again used NERA’s Global Natural Gas Model and the NewERA energy-economy
model to look at the domestic economic effects of LNG exports. LNG exports were determined by the
model for each scenario. The study included 54 different scenarios capturing a broad range of domestic
and international gas supply and demand conditions, and probabilities on the likelihood of each of the
54 export scenarios. In general, high levels of LNG exports corresponded to high oil and gas supply but
higher prices. Since approximately 80% of the exports resulted from increased production rather than
decreased demand, the general economic impact was positive across the scenarios. The report
concluded that the impact on energy-intensivesensitive industries was verr-smaliminimal while
increased investment attributed to LNG exports raised GDP.

“ Cooper, A., Kleiman, M., Livermore, S., & Medlack III, K. B. {2015). The Macreeconomic Impact of Increasing US

LNG Exports. Available at:
https://energy.gov/sites/prod/files/2015/12/f27/20151113_macro_impact_of_Ing_exports_0.pdf
5 NERA Economic Consulting. (2018). Macroeconomic Outcomes of Market Determined Levels of U.S. LNG Exports.

Available at:
https://www.energy.gov/sites/prod/files/2018/06/f52/Macroeconomic%20LNG%20Export%205tudy%202018.pdf

6
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Ill.  INTRODUCTION

A. Project Background

The Department of Energy (DOE) is responsible for authorizing exports of natural gas, including LNG, to
foreign countries pursuant to Section 3 of the Natural Gas Act (NGA), 15 U.S.C. 717b. Under the NGA
provisions, applications requesting authority for the impart or export of natural gas, including LNG, from
and to a nation with which there is in effect a free trade agreement (FTA) requiring national treatment
for trade in natural gas, and/or the import of LNG from other international sources, are deemed
consistent with the public interest and granted without madification or delay. For Autharizations
relating to those countries with which the United States does not have an FTA reguidngrations!
treatmenttradeinnaturalgas-and with which trade is not prohibited by the United States law or policy,
pursuant to Section 3(a) of the NGA, requires DOE to grant a permit to export domestically produced
natural gas unless it finds that such action is not consistent with the public interest.®

DOE has identified a range of factors that it evaluates when reviewing an application for LNG export
authorization. Specifically, DOE’s review of export applications has focused on: “(i) the domestic need
for the natural gas proposed to be exported, (ii) whether the proposed exports pose a threat to the
security of domestic natural gas supplies, (iii) whether the arrangement is consistent with DOE’s policy
of promoting market competition, and (iv) any other factors bearing on the public interest as

determined by DOE, such as international and environmental impacts."’

To inform its Public Interest determination, since 2012, the Office of Fossil Energy and Carbon
Management (DOE-FECM) and its predecessor, the Office of Fossil Energy, commissioned five studies on
the effects of increased LNG exports an the U.S. economy and energy markets. The studies examined
the impacts of increasing demand, including exports, on the domestic natural gas market.

This updated study, similar to the previous studies, was-is intended to serve as an input to be considered
in the evaluation of applications to export LNG from the United States under Section 3 of the Natural
Gas Act. DOE-FECM commissioned OnLacation, Inc., Pacific Northwest National Laboratory (PNNL), and
the National Energy Technalogy Laboratory (NETL) to assess the economic level of U.S. LNG exports
across seven scenarios representing a broad range of economic, environmental, and political scenarios,
along with changes to global greenhouse gas emissions at differing levels of U.S. LNG exports. U.S. LNG
exports volumes(?) were found using a global equilibrium model and were then inputted into the '
domestic model to examine the market effects of increased LNG exports, including natural gas price and
consumption across sectars and changes in U.S. greenhouse gas emissions. Finally, the incumbent life
cycle analysis of U.S. LNG exports was expanded to incorporate market effects from the results of this
study.

€ Natural Gas Act. 15 U.5.C. 717b.
7 Qrder Amending Long-Term Authorization to Export Liquefied Natural Gas to Non-Free Trade Agreement Nations
at 43, Magnolia LLC, Docket 13-132-LNG (April 2022).
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B. Purpose of Study

Since the NERA 2018 report was published, several events altered the explicit and implicit assumptions
underpinning the global and U.S. natural gas markets. These include: i) the issuance of additional DOE
LNG export authorizations, ii) the Russia-Ukraine war, iii) global and U.S. greenhouse gas policy
developments, iv) technological change in praduction, transmission, storage, and end-use of natural gas,
iv) and the passage of significant energy-related legislation in the U.S. (Bipartisan Infrastructure Law
(BIL) and Inflation Reduction Act {IRA)). This report updated previous analytical work in line with current
laws and regulations, as well as economic and technology conditions using newly derived scenarios. The
defined seven scenarios included:

S1: Reference Exports (Reference scenario in which U.S. LNG exports follow the Reference case
from the U.S. Energy Information Administration’s 2023 Annual Energy Outlook {AEO))

52: Market Response (U.S. LNG exports determined by global market equilibrium)

$3: High Global Demand (U.S. LNG exports determined by global market equilibrium, higher
population growth outside of the U.S.)

$4: Regional Import Limits (U.S. LNG exports determined by global market equilibrium, global
focus on maximizing consumption of local energy sources)

$5: Low-cost Renewables (U.S. LNG exports determined by global market equilibrium, lower
costs for variable renewable energy technologies)

56: Energy Transition (Ref Exp) (U.S. LNG exports are limited to the values from the AEO 2023
Reference case, countries achieve emissions pledges and pursue ambitious GHG mitigation
policies consistent with limiting global warming to 1.5°C, U.S. emissions to net-zero by 2050)

§7: Energy Transition (U.S. LNG exports determined by global market equilibrium, countries
achieve emissions pledges and pursue ambitious GHG mitigation policies consistent with limiting
global warming to 1.5°C, U.S. emissions to net-zero by 2050)

These scenarios are described in more detail in Section 1.A.

Several considerations were required in interpreting this study and its results. Foremost, this study was
not intended to serve as forecasts of U.S. LNG exports, rather, it was an exercise in exploring alternative
conditional “what-if" scenarios of future U.S. LNG exports and examining their implications for the
global and U.S. energy and economic systems, and GHG emissions. Such scenario analysis is a well-
established analytical approach for exploring complex relationships across a range of variables. In
addition, the scenarios explored in this study were meant to span a range of plausible U.S. LNG export
outcomes by 2050. However, they hinged on many assumptions about a wide range of domestic and
international, and economic and non-economic factors such as future socioeconomic development,
technology and resource availability, technological advance, institutional change, etc. A full uncertainty
analysis encompassing all of the above factors was beyond the scope of this study. This study did not
attach probabilities to any of the scenarios and no inference about the likelihood of these scenarios
occurring should be made.

DRAFT/DELIBERATIVE/PRE-DECISIONAL



DRAFT/DELIBERATIVE/PRE-DECISIONAL

C. Organization of the Report

Following the Background of LNG Export Studies and Introduction sections of the Report, Section IV
presents a more detailed review of the study methodology, scenario design, and key assumptions. The
section introduces the scenarios, the versions of GCAM and NEMS models used for the analysis, and the
life cycle analysis methodology. Section V of the report includes key results by scenario:

e U.S. LNG exports

s Global gas and primary energy consumption

¢ Implications for U.S. energy systems

o Life cycle analysis
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IV.  SCENARIOS, METHODOLOGY, AND KEY ASSUMPTIONS
Three primary analytical frameworks were used for this analysis: i) the Global Change Analysis Model
{GCAM) developed and maintained at the Pacific Northwest National Laboratory’s (PNNL'’s) Joint Glabal
Change Research Institute, ii) the National Energy Modeling System (NEMS) developed by EIA and
modified for this study by OnLocation, and iii) the natural gas system life cycle analysis (LCA) model
developed and maintained by NETL. These frameworks and key assumptions are described below.

A GCAM Model and Global Scenarios Design

GCAM is a model of the global energy, economy, agriculture, land use, water, and climate systems.®
These systems are represented in 32 geopolitical regions, 384 land subregions, and 235 water basins
across the globe. GCAM operates in five-year time-steps from 2015 (calibration year) to 2100 by solving
for equilibrium prices and quantities of various energy, agricultural, water, land use, and greenhouse gas
(GHG) markets in each time period and in each region. Outcomes of GCAM are driven by exogenous
assumptions about population growth, labor participation rates and labor productivity in the 32 geo-
political regions, along with representations of resources, technologies, and policy.

GCAM tracks emissions of twenty-four gases, including GHGs, short-lived species, and ozone precursors,
endogenously based on the resulting energy, agriculture, and land use systems. GCAM’s energy system
contains representations of fossil resources (coal, oil, and gas), uranium, and renewable sources (wind,
solar, geothermal, hydro, biomass, and traditional biomass) along with processes that transform these
resources to final energy carriers {electricity generation, refining, hydrogen production, natural gas
processing, and district heat), which are ultimately used to deliver goods and services demanded by end
use sectors (residential buildings, commercial buildings, transportation, and industry). Natural gas
competes for share with other fuels in the electricity generation sector, and with other fuels and
electricity in the buildings, industrial, and transportation sectors. Each of the sectors in GCAM includes
technological detail. In every sector within GCAM, individual technologies compete for market share
based on the levelized cost of a technology (see appendix for more details). The version of GCAM used
in this study also included a representation of three carbon dioxide (CO,) removal strategies that were
deployed in scenarios with emissions policies, namely, direct air capture (DAC), bioenergy in
combination with carbon capture, utilization, and storage (BECCS), and afforestation.

The version of GCAM used in this study includes a representation of natural gas trade that creates price-
based competition between domestic and imported natural gas. This representation introduces realistic
inertia in the evolution of trade from current patterns. Natural gas can be imported as liquefied natural
gas (LNG) or through pipelines. Traded LNG is represented as a single global market. All producers of
natural gas can export to a global LNG pool from which importers can import. While the price of
domestic gas is based on extraction costs that are derived from long-term regional resource supply
curves, the price of imported LNG includes costs for shipping, liquefaction, and regasification in addition
to extraction costs. Traded pipeline gas is represented in six regional markets (North America, Latin
America, Europe, Russia+, Africa and Middle East, and Asia-Pacific). Exporters of pipeline gas export to
one of the six regional pipeline blocs from which importers can import. Inter-pipeline bloc trade can also
occur. For example, GCAM’s China region exports only to the “Asia-Pacific” pipeline bloc but can import

8 The full documentation of the model is available at the GCAM documentation page (http://jgcri.github.io/gcam-
doc/), and the description here and in the appendix is a summary of the online documentation.
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from the “Russia+” pipeline bloc and the “Asia-Pacific” pipeline bloc. These pipeline trade relationships
are based on existing relationships. The price of imported pipeline gas includes the costs of building and
operating pipeline infrastructure in addition to resource extraction costs. Gross exports and imports of
LNG and pipeline gas are calibrated to historical data in GCAM's historical calibration year (2015). In a
future model period, trade volumes evolve from historical patterns depending on future demands and
prices. For the purposes of this project, historical natural gas producer prices in the U.S. are calibrated to
the Henry Hub prices from the Energy Information Administration (EIA)? and in Canada, they are
calibrated to Alberta marker prices from the BP Statistical Review.!? For the rest of the world, natural
gas producer prices in each GCAM region are based on the cost, insurance, and freight (CIF) prices from
S&P.' In a future model period, as demand changes, the change in regional producer prices from the
historical calibrated values are calculated endogenously using regional supply curves that represent
increasing cost of extraction as cumulative extraction increases. GCAM also tracks turnover of trade
infrastructure (e.g., liquefaction and regasification units, and pipelines). Trade infrastructure can either
retire naturally or in response to economic changes (e.g., those driven by an emissions policy).

Using GCAM, we explored seven scenarios spanning a range of plausible U.S. LNG export outcomes by
2050 (Table 2). All of our scenarios include the 2022 Inflation Reduction Act in the U.S. and current
emission policies in the rest of the world. The scenarios also include a constraint on Russian exports such
that Russian pipeline exparts to EU declined to a level below current levels by 2035 and then remain flat,
LNG exports from Russia remain flat beyond 2025, and Russian pipeline exports to the east (e.g., to
China) continue to increase. Our scenarios include planned and existing LNG capacity additions in major
economies including the U.S., Middle East, Australia, Canada, Southeast Asia, and Africa. Socioeconomic
(population and economic growth) assumptions for the U.S. were harmonized to the AE02023
Reference.

The seven scenarios include:

S1: Reference Exports. This scenario assumes that the U.S. LNG exports follow the trajectory
from the Reference case of the U.S. Energy Information Administration’s (EIA’s) 2023 Annual
Energy Outlook (AEQ2023) to grow to 27.34 Bcf/day in 2050. The AEQ2023 Reference case
incorporated U.S. LNG export projects that were either operating or under construction as of
August 2022 and then added capacity based on the cost-competitiveness of exporting U.S. LNG
to the international market including an annual capacity build-constraint. More specifically, in
AE02023, LNG export facilities had a combined operating capacity of 10.3 Bcf/d with an
additional 4.5 Bcf/d of operating capacity under construction. AEQ2023 projected an additional
12.6 Bcf/d of operating capacity that was assumed to be constructed in response to
international demand for U.S. LNG.

9 1.S. EIA (2023). Henry Hub Natural Gas Spot Price. Available at:
https://www.eia.gov/dnav/ng/hist/rngwhhda.htm

10 gp (2022). bp Statistical Review of World Energy. 71st edition. Available at:
https://www,bp.com/content/dam/bp/bu5iness-siteslen/globaI/c0rporate/pdfs/energy-economics/stalisticaI-
review/bp-stats-review-2022-full-report.pdf

11 58P Global (2023). S&P Global Commadity Insights. Historical and forecasted LNG prices data sheet.
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52: Market Response. This scenario has assumptions consistent with S1 and assumes
economically driven, market-based outcomes for U.S. LNG exports.

$3: High Global Demand. This scenario includes the same assumptions as in $2, but assumes a
higher population growth in regions outside of the U.S. consistent with the Shared
Socioeconomic Pathways — 3.12 This results in ~1 billion more people globally in 53 by 2050
compared to $1 and 52 and explores the effects of higher U.S. LNG exports driven by higher
demand for all energy sources {including natural gas) compared to S2.

54. Regional Import Limits. This scenario includes the same assumptions as in 52, but with
constraints on natural gas imports globally to maximize the use of domestically produced
natural gas across the world (Table A-1). This scenario explores the effects of lower U.S. and
global LNG exports driven by global energy security concerns and trade limitations.

§5: Low-cost Renewables. S5 includes the same assumptions as in S2 but assumes lower capital
costs for renewable energy technologies such as onshore and offshore wind, solar photovoltaic,
concentrated solar power, and geothermal. This scenario explores the effects of faster
technological improvements in competing technologies. While technology cost assumptions in
other scenarios are consistent with NREL's Annual Technology Baseline (ATB) “Medium”
assumptions, capital cost assumptions for onshore and offshore wind, solar photovoltaic,
concentrated solar power, and geothermal technologies under $5 are based on the “Low”
assumptions.

S6: Energy Transition (Ref Cap) and $7: Energy Transition. Both scenarios assume an emission
pathway that is consistent with a global temperature change of 1.5°C by 2100 derived from
published peer-reviewed literature.}31415 Both of these scenarios assume that countries achieve
their emission pledges as made during the 26 Conference of Parties of the United Nations
Framework on Climate Change held in Glasgow. The pledges include nationally-determined
contributions that outline emission reduction plans through 2030, long-term strategies, and net-
zero pledges through mid-century. The U.S. is assumed to reduce economy-wide greenhouse
gas emissions by 51% in 2030 and 100% by 2050. Countries without pledges are assumed to
follow an emissions pathway defined by a minimum decarbenization rate of 8% that is indicative
of strong mitigation policies and significant departure from historically observed
decarbonization rates. The scenarios assume that countries achieve their pledges within their
geographic boundaries without trading emissions. Scenario 56 differs from 57 in that it also
limits U.S. LNG exports to the values from the AEO2023 Reference case. A key distinction
between scenarios S1 and 56 is that while the former assumes the U.S. LNG exports to follow
the AE02023 Reference case exactly, the latter assumes the values from the AE02023

2 Samir, K. C., & Lutz, W. (2017). The human core of the shared sociceconomic pathways: Population scenarios by
age, sex and level of education for all countries to 2100. Global Environmental Change, 42, 181-192.

13 Faweett, A. A., et al. (2015). Can Paris pledges avert severe climate change? Science, 350(6265), 1168-1169.
140y, Y., lyer, G., et al. (2021). Can updated climate pledges limit warming well below 2°C? Science, 374(6568),
693-695.

15 |yer, G., Ou, Y., et al. (2022). Ratcheting of climate pledges needed to limit peak global warming. Nature Climate
Change, 12{12), 1129-1135.
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Reference case to be an upper bound. Nevertheless, scenario 56 enables comparisons with 51,
and scenario S7 enables comparisons with S2.

Table 2. Scenario Descriptions

Scenario

! §1: Reference Exports

Description

Reference scenario in which U.S. LNG
exports follow EIA’s 2023 Annual Energy

| Outlook (AEQ). Incorporates U.S. policy
| assumptions (including the 2022 Inflation

Reduction Act). Assumes existing policies
and measures, globally.

U.S. LNG Export
Volumes (Bcf/d)

Grow to 27.34
Bcf/d by 2050

| 52: Market Response

Assumes policies consistent with S1, but U.S.

LNG exports are determined by global
market equilibrium.

‘ $3: High Global Demand
|

Same assumptions as S2, U.S. LNG exports
determined by global market equilibrium,
but assumes higher population growth

| outside of the U.S.

\ $4: Regional Import Limits

Same assumptions as 52, U.5. LNG exports
determined by global market equilibrium,
but includes constraints on importing and
exporting natural gas with a global focus to
maximize use of domestic gas.

55: Low-cost Renewables

Same assumptions as S2, U.S. LNG exports
determined by global market equilibrium,
but assumes lower capital costs for

renewable energy technologies. bk

GCAM Market
Response

' s6: Eneré; Transition (Ref Exp)

Assumes an emissions pathway consistent
with a global temperature change of 1.5°C
by end of century. Countries’ emissions are
constrained to announced GHG pledges,
including the U.S. following a path to net-
zero GHG emissions by 2050. NEMS follows
CO; emissions constraint from GCAM. U.S.
LNG exports are limited to the values from
the AEO 2023 Reference scenario.

57 Energy Transition

|
|
|

Same emissions pathway assumption's- as '.'5_6,
but U.S. LNG exports are determined by
global market equilibrium.
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Grow to 27.34
Bcf/d by 2050

GCAM Market
Response
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B. NEMS Models and Analysis Methodology

NEMS is an energy-economic model of the U.S. It projects supply, demand conversion, imports, and
exports of major energy commodities, drivers such as macroeconomic conditions, world energy
markets, technology choices and costs, resource availability, and demographics. The NEMS model
includes both cost minimization representative of competitive markets and behavioral representations
of the energy market.

NEMS is a modular energy system model. There are four supply modules covering cil, natural gas, coal,
and renewables. There are two conversion modules: converting primary fuels into electricity and
petroleum and other liquids into liquid fuel products, respectively. There are four demand modules
covering the residential, commercial, industrial, and transportation sectors. Other modules include the
macroeconomic module, emissions policy modules, and an integrating module that synthesizes the
output across all other modules. NEMS solves iteratively to reach a general market equilibrium across
the energy economy. The EIA provides an archive of the NEMS model with source code and input
sufficient to reproduce the reference and side cases comprising the Annual Energy Outlook.

1 AEQ2023-NEMS

AE02023-NEMS is OnLocation’s version of the NEMS model, modified to allow exogenous input of U.S.
LNG exports. The AEQ2023 reference scenario has a macroeconomic growth assumption of 1.9%
average growth per year. The model has the EIA’s interpretation of the IRA which includes mast major
provisions of the policy. The model does not include carbon capture at industrial sites (ethanol,
hydrogen, NGP, and cement) or direct air capture (DAC). Therefore, the IRA 45Q credit for DAC is not
included. Similarly, IRA 45V hydrogen credits are also not represented in the AE02023 version of NEMS
as it does not have the hydrogen module.

2. FECM-NEMS

FECM-NEMS is a version of NEMS that includes updates that allow for the modeling of deep
decarbonization technologies and strategies. FECM-NEMS models the Inflation Reduction Act based on
FECM's interpretation of the policy. It includes major IRA energy-related provisions including but not
limited to the extension of 45Q CO, sequestration credits, clean vehicle tax credits, energy efficient
home tax credits and rebate programs, clean energy PTC and ITC, zero emission nuclear credits, and
hydrogen tax credits. Additional modeling updates include provisions from the Bipartisan Infrastructure
Law (BIL) such as funding for carbon capture demos, CO, transportation and storage infrastructure, and
updated EPA/NHTSA CAFE standards.

Given the carbon capture opportunities and the net negative carbon technologies such as DAC and
BECCS, the FECM-NEMS model allows the economy to achieve a net-zero carbon emission scenario.

FECM-NEMS is based on OnLocation’s version of the Annual Energy Outlook 2022 (AE02022) NEMS
model. For consistency with updated economic assumptions, FECM-NEMS uses the low economic
growth assumption from AE02022, assuming a real GDP average growth of 1.8% per year to 2050.
Under the Office of Carbon Management Palicy & Analysis, DOE-FECM, the standard NEMS has been
enhanced to represent several CO, mitigation technologies including carbon capture and sequestration
(CCS), DAC, bioenergy with CCS (BECCS), and the Hydrogen Market Module (HMM). Industrial carbon
capture is found in the liquid fuels module which allows for the construction of new hydrogen and
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ethanol facilities with CCS. It also allows for existing hydrogen, ethanol, and natural gas processing
plants to retrofit CCS capability. The cement industry has also been enhanced to include CCS
opportunities. Industries have the option to send captured CO, to an enhanced oil recovery market or
store it in saline aquifers.

The HMM is integrated into NEMS to produce hydrogen via conventional and low carbon processes. The
hydrogen production technologies available in the HMM include steam methane reformation (SMR),
SMR with CCS, biomass gasification with CCS, and electrolysis.

3. Harmonizing GCAM and NEMS

While GCAM and NEMS are distinct models, coordination between them was necessary to maintain
consistency and tie the NEMS results back to the global LNG market forecast. Harmonization efforts
ensured that LNG exports (for all scenarios) and CO, emissions (in the net-zero scenarios) were
consistent between the two models.

The EIA’s AEO2023 reference case was selected to define S1. In AE02023-NEMS, the AEQ2023 reference
case solution file was adopted for all variables. LNG exports from the AE02023 reference case were then
used as exogenous inputs into the GCAM model in place of endogenous estimates. For S2 through 57,
the process was reversed: the scenarios were first run in the GCAM model, from which endogenously
calculated LNG export curves were taken and input exogenously into AE02023-NEMS. The endogenous
algorithm used by NEMS to calculate LNG exports was turned off for these scenarios. Since a key driver
of LNG exports is the differential between domestic and world natural gas prices, domestic natural gas
prices from NEMS were then compared with North American prices in GCAM. In all scenarios except S5,
technology and resource were aligned between GCAM and the AEQ2023 reference scenario. In 55, both
models adjusted power generation technology assumptions consistent with the AE02023 Low
Renewable Cost scenario from the AEO.

For 56 and S7, the net-zero scenarios were first run in the GCAM model, which uses global interactions
and feedback to model U.S. LNG under a criteria of net-zero GHG by 2050. As part of the modeling
process, GCAM generates a set of emissions curves that list quantities of GHG emissions of various
sectors and gases (CO,, CHy, N,O, F), as well as emissions and removals from land use, land-use change,
and forestry (LULUCF). These curves were outputs of the model, although the sum of individual
emissions was defined in the model inputs such that they reached or exceeded a net-zero target in
2050. The output emissions curves from GCAM were used to specify how the net-zero scenario was
implemented in FECM-NEMS.

The values of CO, emissions from the energy sector were taken from the GCAM output and used
explicitly as the carbon cap in FECM-NEMS to model the net-zero scenarios. The carbon cap curve {(used
to define both $6 and 57) is plotted in Figure 1.
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Figure 1. U.S. GHG emissions and removals in the net-zero scenarios

Referring to this carbon cap each model year, FECM-NEMS calculates emissions and remaovals
throughout the model and adjusts a carbon price to equalize them with the carbon cap. With this
method, FECM-NEMS ensures that the CO, emissions from the energy sector match the corresponding
emissions from GCAM. Although FECM-NEMS calculates CH, emissions from natural gas systems, they
were excluded from the carbon cap in favor of adopting the values calculated by GCAM.

The carbon cap used in FECM-NEMS for both net-zero scenarios ended with 187 MMT CO, in 2050.
Although this value does not equal zero, it was balanced by the sum of non-energy CO;, non-CO; GHGs,
and LULUCF-sector emissions and removals calculated by the GCAM model which added together total
-185 MMT CO, equivalent (the total was negative because of large quantities of LULUCF-sector
removals). The remaining emissians and removals (non-energy CO;, non-CO; GHGs, and LULUCF) were
treated as exogenous ta FECM-NEMS and could be added with the endogenous CO, emissions to
calculate net total GHG emissions (which would equal near-zero in 2050). The sum of non-energy CO,,
non-CO; GHGs, and LULUCF-sector emissions and removals is also plotted in Figure 1.

C. NETL Life Cycle Analysis Model Methodology

Past life cycle studies conducted by NETL on natural gas and LNG have been attributional studies that
estimate the emissions and other impacts associated with current units of natural gas/LNG delivered.
These LCA studies have not, to date, considered the consequences of delivering LNG, such as how
domestic or foreign energy markets may be affected by increasing the supply of natural gas (e.g.,
whether different sources of natural gas compete in the market, or whether, given additional supply,
natural gas-fired power plants in Europe might take market share from other types of electric plants).
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Such market-based effects could lead to consequential increases or decreases in GHG emissions. As part
of this study, these consequential effects were estimated by tracking differences in global GHG
emissions and quantities of LNG exported from the GCAM model results.

This section details the various existing representations of the natural gas supply chain within the
context of the NETL natural gas model and the GCAM model. The purpose of documenting these
representations is to subsequently apply the insights from the GCAM model to the NETL LCA frameéwork.

1. Past NETL Natural Gas Life Cycle Reports

As shown in the top half of Table 3, the NETL Natural Gas }'nodel]”3 is separated into five stages that
generally align with categories used in other federal efforts such as the US EPA’s Greenhouse Gas
Reporting Program (GHGRP)' and Greenhouse Gas Inventory (GHGI)'®, Results of this model are
provided for two scopes: Production through Transmission (e.g., for large scale industrial users, like
power plants and LNG facilities that are directly connected to a pipeline), and Production through
Distribution (e.g., for residential or smaller industrial users where the natural gas is delivered through
smaller distribution pipelines). Results are provided for various techno-basins of production, regions,
and U.S. average production, using a variety of IPCC Assessment Report Global Warming Potential
(GWP) values on 100-year or 20-year basis.

In addition, past work by NETL has modeled the additional processing stages to produce and deliver
LNG, adding another four stages in the bottom half of Table 3. )

Table 3. Natural Gas and Liquefied Natural Gas Life Cycle Stages

Description

| Stage Name

B ol & i}
Production | Drilling and construction of conventional and
1 unconventional wells (e.g., from hydraulic
| fracturing), and extraction of gas, including
| — — | liquids unloading operations, )
Gathering and Boosting | Movement of natural gas from wells via
3 l gathering pipelines and delivered to
treatment and/or processing plants. Boosting

systems may include compressars,
‘ | dehydration, and pneumatic devices and
L pumps. ; A
| Removal of impurities and compression of
| input gas to meet transmission pipeline
| standards. May include acid gas removal
i , | (AGR), dehydration), NGL recovery, etc. |
Rt Construction of pipelines, and movement of
| bulk quantities of naturalgasinlarge

Treatment and Processing

| Transmission and Storage

16 Khutal, H., et al. Life Cycle Analysis of Natural Gas Extraction and Power Generation: U.S. 2020 Emissions Profile,
National Energy Technology Laboratory, Pittsburgh, July 7, 2023

17 Us EPA Greenhouse Gas Reporting Program, https://www.epa.gov/ghgreporting, last accessed Sept 1, 2023.

8 US EPA, Inventory of U.S. Greenhouse Gas Emissions and Sinks,
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks, last accessed Sept 1, 2023.
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pipelines to large users or city gates for

subsequent distribution. Typically includes

compressor stations along pipelines. Storage

includes insertion of gas into units such as

| | underground storage facilities as well as

| additional gas processing and compression
after removal from storage before injection

Sk 3 | into the transmission pipeline network. |
Distribution* Movement of gas from transmission or

| storage facilities to city gates for subsequent

| ! delivery to smaller consumers via small

- diameter pipelines. (*may or may not be
included depending on scope)

~ Additional Stages to Produce and Deliver (NG

Liquefaction ' Pre-treatment of gas, liquefaction to low
| temperatures and storage. |

| Loading/Unloading Process to load (and unload) LNG to and from ‘

' ke st vl B ‘ tankers to facilities, e S

| Ocean Transport Shipment of LNG on ocean-going vessels of |

| varying technology types to distant ports for |
subsequent regasification. Depending on

| ) | technology, may use LNG as fuel.

| Rega;iﬁcation - Regasification of LNG and injection into

! R e | transmission pipelines. )
Destination Transmission / Distribution ' Similar pracesses as described above, and not

functionally different than as described for

| the natural gas only part.

Quantitatively, the NETL natural gas model has estimated ranges of GHG emissions by species and by
stage for the domestic natural gas supply chain as shown in Figure 2. Given the scape of domestic
natural gas production through the transmission stage, the mean U.S. average total CO;-equivalent
emissions are about 7.44 g CO,e/M] (IPCC ARG, 100-year basis), with a confidence interval of the mean
of 4.6-11.1 g CO,e/MJ. This report also estimated GWP intensity of natural gas extraction in different
geographic regions of the US, which have higher or lower intensity, as compared to the U.S. average.
Note that these results are in terms of Higher Heating Value (HHV) of natural gas, while the GCAM

model uses Lower Heating Value (LHV), ko needed to be subsequently adjusted| Commented [ST5]: Report the LHV result here that
aligns to GCAM.

Need to provide/cite the HHV to LHV values for the
adjustment factor.
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Figure 2. Life cycle GHG emissions from the 2020 U.S. average Natural Gas supply chain, HHV basis
(Source: NETL 2023)

Past work by NETL also estimated the greenhouse gas emissions implications of the additional stages to
produce and deliver U.S. average LNG around the world*®. While these values are estimated on a per-M)J
delivered basis, their presentation is complicated by the variability associated with the distance shipped,
which can be large in many cases (LNG shipped relatively short distances has a significantly smaller GWP
footprint than that shipped long distances). Using data from the 2019 NETL LNG report kcite}:, and
Iadjusting to the basis herel, LNG delivered from New Orleans to Rotterdam (8,990 km) would be
expected to result in 17.9 g CO,e/MJ delivered (IPCC AR6, 100-year basis, HHV). In short, the additional
processes and natural gas needed to liquefy, ship, and regasify natural gas to Rotterdam adds about 10 g
C0,e/MI delivered, which is more than double the impact of merely-producing the gas and transmitting
it to large scale users domestically (of 7.44 g CO,e/MJ, HHV basis, given above). The GHG emissions
intensity result on a per MJ NG delivered to liquefaction plant basis is 7.44 g CO,e/MJ (AR6, 100-yr, HHV)
but accounting for NG losses that occur in the downstream stages results in a higher volume of NG
upstream, leading to an upstream emissions intensity of 8.44 g CO,e/MJ NG belivered through low
pressure distribution pipelines to small volume end users (e.g., commercial, residential, and some
industrial users [te—f)ewer—mem-kARE, 100-yr, HHV). Given the many possible delivery routes and
distances for such LNG, these specific results are intended only to provide contextual perspective of the
GWP intensity of the added LNG stages.”

19 Roman-White, S., Rai, S., Littlefield, J., Cooney, G., & Skone, T. J. (2019). Life cycle greenhouse gas perspective on
exporting liquefied natural gas from the Unites States: 2019 update. National Energy Technology Laboratory
(NETL), Pittsburgh, September 12, 2018.
20 Results from Roman-White 2019, Exhibit A-2, adjusted from g CO,e/MWh to g CO,e/MI using heat rate of 145 kg
natural gas/MWh, and higher heating value of 54.3 Ml/kg.
19
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The previous NETL work on natural gas cited above are attributional studies of the domestic natural gas
system. The results sought to identify and attribute the emissions associated with the various unit
processes that created them. These methods differ in scape than consequential analysis which more
broadly considers the global changes in GHG emissions when additional volumes of U.S. natural gas are
produced and delivered across the world, or, in other words, the market-based effects of producing
domestic natural gas and exporting it. Further discussion on how the LCA section of this project can
support consequential analysis is discussed in Section V.G.

2. Market Adjustment Factors

In order to quantify the broad and global market effects associated with increasing exports of U.S. LNG,
the GCAM results were used to estimate the change in global GHG emissions per unit of LNG exported
between various scenarios. This }narket adjustment factor (MAF) ﬁs defined jasf:

Global EmissionSgeenarion — Global EMissionSgcenario 1

Commented [ST10]: Page 51: MAF is defined as
"market effect adjustment factor". Recommend
removing effect for consistency with in the report.

MAF scenarion = " USLNG BXpoirtSssonartew— US LNG EXPOTts e 1

and represents a ratio of the change in GHG emissions for a given scenario compared to a base scenario,
versus the change in U.S. LNG exports between the same two scenarios. For example, a comparison of
Scenario 52 vs. Scenario 51 would compare the differences in GCAM values for these two scenarios. This
MAF can be calculated for every model year (2015-2050) and can also use linearly interpolated values
for the non-modeled years.

20
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V.  RESULTS
The following sections describe the results of the global analysis using GCAM, the U.S. analysis using

NEMS, and the life-cycle analysis in that order. To highlight the implications of the availability of
additional U.S. LNG in the global market, we first compare 51 and S2. We then discuss 56 and 57 to
illustrate the implications of additional U.S. LNG in the global market under a global transition toward

1.59C. Subsequently, we discuss results from the remaining scenarios (52-55).

A.  US.LNG exports

Across all the scenarios, the U.S. is a net exporter of natural gas. As shown in Figure 3, U.S. LNG exports
increased beyond existing and planned capacity in all scenarios by 2050, except 51 in which U.S. LNG
export volumes followed AEO2023 and 56 in which export volumes were limited to AEQ2023 by design.
Under 52, in which all outcomes — including U.S. LNG exports — are economically driven and market-
based, U.S. LNG exports increased to ~47 Bcf/day in 2050.

US LNG exports

60
50 S3: High Global Demand
S2: Market Response
S5: Low-cost Renewables
40
> ; e
_g S7: Energy Transition
""5 30 | S1: Reference Exports
o S6: !Energy Transition.(R.ef Exp)
20
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0

2015 2020 2025 2030 2035 2040 2045 2050

Figure 3. U.5. LNG exports across the scenarios. Note that the U.5. LNG export outcomes for 52 and 55 are

very close to each other.

U.S. LNG exports under 53, the scenario with increased global population, increased to 49 Bcf/day in
2050, emerging as the upper bound. With higher population assumptions in 53, total energy demand -
and consequently natural gas demand — outside the U.S. increased compared to 52, resulting in an
increase in U.S. LNG exports to satisfy the increased international demand. However, the increase was
not proportional to the increase in population because part of the higher demand in $3 was supplied by

an increase in international production.
21
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U.S. LNG exports under 54 increased only to ~23 Bcf/day in 2050, emerging as the lower bound. The
lower increase in U.S. LNG exports in $4 compared to other scenarios was driven by international limits
on natural gas imports to maximize the use of locally produced gas.

U.S. LNG exports under S5 increased to approximately the same level as 52 in 2050. This was mainly
because cheaper solar and wind technologies in this scenario mostly displaced fuels other than natural
gas (e.g., biomass). Hence, the demand for natural gas and consequently, U.S. LNG exports, remained
materially unaffected compared to S2. Under S7, which assumes a global transition toward 1.5°C, U.S.
LNG exports continued to increase, albeit at a lower level than 52, to ~34 Bcf/day in 2050. As discussed
below, the lower increase in U.S. LNG exports in this scenario compared to S2 was driven by the
economy-wide transition to low-carbon fuels to meet emission reduction commitments and pledges.

B. Global Natural Gas Consumption, Production, and Trade Under Scenarios

S1AndS2

As shown in Figure 4, under 51, production, consumption, and trade of natural gas increased in all
regions, globally driven by growing demands in the electricity generation, industrial, and buildings

sectors (see Figure A-1in appendix A). Under 51, U.S. LNG exports followed the AEO2023 Reference case

to grow to 27.34 BCF/day by 2050 (by design).
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52: Market Response
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Figure 4 Natural gas consumption, production, and trade by region under S1 (upper) and S2 (lower)

As shown in Figure 5, under 52, in which U.S. LNG exports were determined by market equilibrium, U.S.

natural gas production and LNG exports increased compared to 51 to satisfy the growing demands of
natural gas globally. Under 52, U.S. LNG exports grew to ~47 Bcf/day by 2050. In this scenario, the
availability of additional U.S. natural gas in the global natural gas market at competitive prices resulted

in a reduction in production and LNG exports from other parts of the world. The increased availability of
U.S. LNG in the global market also resulted in higher LNG imports and reduced pipeline trade outside of

the U.S. However, global natural gas consumption in 52 increased only by a very small amount (<5% by

2050 globally compared to 51). This is mainly because the availability of additional U.S. LNG in the global

market did not materially affect the relative competitiveness of natural gas compared to other fuels
(e.g., coal, oil, renewables, and nuclear) globally. In addition, current emission reduction policies in the
U.S. and internationally, which were included in the assumptions for all scenarios, limited the potential
for global natural gas consumption to grow in response to the increased availability of U.S. natural gas.
Consequently, global primary energy consumption and GHG emissions under 52 did not change much

compared to 51, as shown in Figure 6.
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Figure 5. Changes in natural gas consumption, production, and trade by region in 52 vs. 51
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GLOBAL PRIMARY ENERGY CONSUMPTION BY FUEL
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P’igure 6. l_G!obai primary energy consumption by fuel and GHG emissions by sector under 52 and S1. Net
GHG emissions are shown as a dot in each bar.
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C Global Primary Energy Consumption by Fuel and GHG Emissions by Sector
Under S6 And 57

Under S6 and 57, global GHG emissions from all sectors of the economy reduced significantly compared
to 51 and 52 as shown in Figure 7 and Figure 8. This was by design as these scenarios were assumed to
include emissions pledges and constraints on emissions consistent with limiting global temperature
change this century to 1.5°C. These scenarios were characterized by a combination of the following
decarbonization strategies: i) a reduction in fossil fuel consumption without carbon capture utilization
and storage (CCUS), i) increased deployment of CCUS with fossil fuels, iii) increased deployment of
renewables, iv) a net reduction in energy consumptian, and v) increased deployment of carbon dioxide
removal (CDR) applications such as bioenergy in combination with CCUS (BECCS), afforestation, and
direct air capture (DAC) compared with §1 and S2.
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