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that is sufficient to cause a target rock formation to break (i.e., fracture) (USGS, 2019).c As the 
rock is fractured, natural gas that would have otherwise remained trapped is able to be 
released into a wellbore and returned to the surface (USGS, 2019). 

The iInternal pressure caused by the fracturing of the rock formation also releases fluid, which 
travels to the surface through the wellbore. This fluid is commonly referred to as “flowback” or 
“produced water” and may contain the injected chemicals in addition to any naturally occurring 
materials found below the surface (e.g., brines, metals, radionuclides, and hydrocarbons). The 
fluid is typically stored on site in tanks or pits before it is treated and disposed of or recycled. In 
many cases, disposing of the fluid involves injecting it underground. In areas where 
underground injection is not an option, the fluid can either be reused or processed by a 
wastewater treatment facility and subsequently discharged into surface water. 

Hydraulic fracturing has been applied since the late 1940s when Standard Oil of Indiana (later 
known as Amoco) developed the technique and performed some of the first fracture 
treatments in the Hugoton Gas Field in Kansas (BP, 2017).  While the use of hydraulic fracturing 
is not limited only to wells that are horizontally drilled, the combination of horizontal drilling 
and hydraulic fracturing has increased the volume of domestic natural gas considered to be 
“technically recoverable” (i.e., able to be produced using currently available technology and 
industry practices regardless of any economic considerations). 

The process of horizontal drilling involves first drilling a vertical well. Once a certain depth has 
been reached with the vertical well, the path of drilling is bent until the well begins to extend 
horizontally. Horizontal wells are not only longer than vertical wells, but the process is much 
more complex. As such, aA horizontal well is therefore generally more expensive to drill than a 
vertical well, but it is expected to produce more natural gas (EIA, 2018). The horizontal section, 
sometimes referred to as  or directionally drilled section,n of a well can extend thousands of 
feet (ft). Exhibit 1-1 provides a schematic of conventional natural gas and the various types of 
unconventional natural gas resources described previously (EIA, 2023b). Exhibit 1-2 provides a 
schematic of the hydraulic fracturing process (BP, 2017).

c The specific types of chemical additives used, and the proportions of each, depend on the type of rock formation that 
is being fractured. Additives function as friction reducers, biocides, oxygen (O2) scavengers, stabilizers, and acids, all of 
which are necessary to optimize production. The composition of these fluids and the purposes of the additives are 
described in more detail in Chapter 4 – Water Use and Quality.
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Exhibit 1 5. Natural gas consumption and dry production projections through 2050

Source: EIA (2023a)

The AEO2023 reference scenario also projects that exports of natural gas, primarily LNG, will 
continue to increase between now and around 2035 (see Exhibit 1 6).

Exhibit 1 6. U.S. LNG export projections through 2050 

Source: EIA (2023a)

1.3 U.S. REGULATORY FRAMEWORK AND FEDERAL RESEARCH AND 
DEVELOPMENT PROGRAMS

The following sub-sections provide a review of both federal and state regulatory responsibilities 
related to the production, transportation, use, and export of domestic natural gas resources. 
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provides some examples of federal statutes that apply to unconventional natural gas 
development.
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Exhibit 1-6. Selected federal regulations that apply to unconventional oil and gas development

Statutes Applicability

Clean Air Act

Places requirements on air emissions from sources of emissions at well sites; 
addresses compliance with existing and new air regulations, often delegated to local 
and state agencies. Generally, there is no distinction made between conventional 
and unconventional wells under the Clean Air Act.

Comprehensive 
Environmental Response, 

Compensation, and 
Liability Act

Only applies if hazardous substances besides crude oil or natural gas are released in 
quantities that require reporting. Natural gas releases do not require notification 
under the Comprehensive Environmental Response, Compensation, and Liability Act, 
but other hazardous substances may be released in reportable quantities during 
natural gas production.

Clean Water Act

Limits pollutants on produced water discharge under the National Pollutant 
Discharge Elimination System; stormwater runoff containing sediment that would 
cause a water-quality violation requires a permit under Clean Water Act decisions. 
Beneficial uses of surface waters are protected under Section 303.

Emergency Planning and 
Community Right-to-

Know Act

Requires facilities storing hazardous chemicals above the threshold to report same 
and provide a Material Safety Data Sheet to officials and fire departments.

Endangered Species Act

Prohibits federal agencies from taking any action that is likely to jeopardize the 
continued existence of any endangered or threatened species (listed species) or 
result in the destruction or adverse modification of such species’ designated critical 
habitat (Section 7); prohibits the taking of a listed species (Section 9); allows the Fish 
and Wildlife Service and National Marine Fisheries Service to issue a permit, 
accompanied by an approved habitat conservation plan, that allows for the 
incidental, non-purposeful “take” of a listed species under their jurisdictions (Section 
10).

National Environmental 
Policy Act

Requires analysis of potential environmental impacts of proposed federal actions, 
such as approvals for exploration and production on federal lands.

Oil Pollution Act
Identifies spill prevention requirements, reporting obligations, and response 
planning (measures that will be implemented in the case of release of oil or other 
hazardous substances).

Resource Conservation 
and Recovery Act

Addresses non-hazardous solid wastes under Subtitle D. The Solid Waste Disposal 
Act exempts many wastes produced during the development of natural gas 
resources, including drilling fluids and produced water. EPA has determined that 
other federal and state regulations are more effective at protecting health and the 
environment. 

Safe Drinking Water Act

Prevents the injection of liquid waste into underground drinking water sources 
through the Underground Injection Control (UIC) program. Fluids other than diesel 
fuel do not require a UIC permit. The UIC program gives requirements for siting, 
construction, operation, closure, and financial responsibility. Forty states control 
their own UIC programs.

1.3.1.1 Bureau of Land Management
BLM manages the U.S. government’s onshore subsurface mineral estate, an area of about 700 
million (MM) acres held jointly by BLM, USFS, and other federal agencies and surface owners. 
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• OAC 1501:9-9-05 specifies tank location restrictions, including setbacks from public 
roads, inhabited structures, wells, heaters, and other equipment.

• OAC 1501:9-9-03 requires pits of sufficient size and shape to be constructed adjacent to 
each drilling well to contain all the drilling muds, cuttings, saltwater, and oil.

• OAC 1501:9-9-05 specifies that where a hazard exists, any production equipment at the 
wellhead and related storage tanks must be protected by an earthen dike or earthen pit 
with a capacity to contain any substances produced by operation of the related oil or 
gas well.

• ORC 1509.072 discusses the obligation to restore the land surfaces after drilling 
operations have ceased, including removing all equipment, revegetating the affected 
area, preventing sedimentation and erosion, and authorizing the chief retains in the 
closure of a well.

• ORC 1509.22 discusses the prohibition of water contamination and covers storage and 
disposal of brine. This section also discusses the storage of waste fluids and the 
management allowances for these fluids.

1.3.2.2 Oklahoma
Regulations concerning technical requirements for oil field waste pits in Oklahoma are found 
primarily in Oklahoma Administrative Code, Title 165, Chapter 10, Subchapters 3 and 7 as 
regulated by the Oklahoma Corporation Commission Division of Oil and Gas. Regulations 
relevant to this addendum include the following:

• 165: 10-7-16 details minimum technical design standards for waste pits. 

• 165:10-7-5 details operating requirements for pits, specifically operating standards in 
the event of a discharge, including reporting details and requirements along with 
record-keeping requirements.

• 165:10-7-16.(d) details operating requirements for oil and gas exploration and 
production activity pits.

• 165:10-3-16.(e) details closure requirements for pits.

• 165:10-3-17 details further closure requirements, primarily the return of the surface 
conditions at the site of the pit to their original state, free of trash, debris, and 
equipment, within 90 days of the completion of well activities.

1.3.2.3 Pennsylvania
Regulations concerning technical requirements for oil field waste pits in Pennsylvania are found 
primarily in Pennsylvania Code, Title 25 (Environmental Protection), Part 1 (Department of 
Environmental Protection), Subpart C (Protection of Natural Resources), Article I (Land 
Resources), Chapter 78 (Oil and Gas Wells) and Chapter 91 (General Provisions). Additional 
language can be found in Pennsylvania (PA) Act 13 of 2012. Regulations relevant to this 
addendum include the following:
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• PA Act 13 of 2012 §3215 prevents wells from being sited in any floodplain if the well is 
to employ a pit or impoundment or a tank managing solid wastes from oil and gas 
exploration and production.

• PA Act 13 of 2012 §3216 requires that a well site be restored following cessation of 
drilling operations. This includes restoration of the earthwork or soil disturbed, removal 
of all drilling supplies and equipment within nine months after completion of the drilling 
well, and compliance with all applicable requirements of the Clean Streams Law. The 
restoration period is subject to an extension if certain conditions are met.

• PA Act 13 of 2012 §78.56 details requirements for pits and tanks that are used to 
manage waste temporarily. Some requirements include a minimum of 2 ft of freeboard 
for pits or impoundments, structural soundness of pits and tanks, minimum liner 
requirements, and waste separations and prohibitions.

• PA Act 13 of 2012 §78.57 details requirements for management of production fluids, 
including collection of brine and other fluids from the well operations, requirements for 
pits, removal and disposal of fluids, and restoration of the waste management units or 
facilities following the closure or cessation of operations.

• PA Act 13 of 2012 §78.61 details the requirements for disposal of drill cuttings, including 
criteria to be met to allow for disposal in a pit, criteria to be met to allow for disposal by 
land application, other methods of disposal of drill cuttings, and compliance 
requirements for disposal.

• PA Act 13 of 2012 §78.64 details secondary containment criteria to be met for tanks 
used on drill sites, including required capacity and inspection requirements.

• PA Act 13 of 2012 §78.65 details site restoration requirements following the cessation of 
operations at a well site.

1.3.2.4 Texas
Regulations concerning technical requirements for solid waste management of oil and gas 
exploration, production, and development in Texas are found primarily in the Texas 
Administrative Code, Title 16, Part 1, Chapters 1–20. The Railroad Commission of Texas (RRC) is 
the primary authority in Texas regarding the regulation of oil and natural gas. Regulations 
relevant to this addendum include the following:

• Rule §3.3 details that all tanks must be clearly identified by signage at all times.

• Rule §3.5 details that a permit is required, issued by the RRC, in order to drill, deepen, 
plug back, or reenter any oil, gas, or geothermal resource well. The rule does not include 
any required specifications for waste management in the permit.

• Rule §3.8 defines the various types and functions of pits that are to be found in the 
regulations. Additionally, the rule defines oil and gas waste. The rule sets forthdefines 
what types of pits are prohibited, including for the storage of oil products, the 
requirement to obtain a permit for constructing and operating a pit, authorized disposal 
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• §35-1-7 details requirements for dikes, berms, and retaining walls at oil and gas 
operations, requirements for secondary containment of tanks or tank systems, and 
other associated mechanical operational requirements.

• §35-4-16 details design and operation criteria for pits and impoundments.

• §35-4-21 describes design and construction requirements for pits and impoundments 
with a capacity greater than 5,000 barrels, including inspections.

• §35-2-3 requires that a permit be obtained by the Division of Environmental Protection, 
Office of Oil and Gas prior to the commencement of  any solid waste management  
efforts facilities at the site of oil and gas exploration and production site.

• §35-4-10 details financial assurance requirements for oil and gas exploration and 
production activities, including the demonstration of financial responsibility of individual 
and grouped wells, coincidence with permit application for financial assurance, and the 
varying forms of financial assurance allowable.

• §35-8-5 details requirements for permits, notice, and review of horizontal wells, 
including siting restrictions, financial assurance for horizontal wells, and permitting 
requirements.
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Exhibit 4-3 from Kondash et al. (2018) indicates that, parallel to the increase in lateral lengths of 
the horizontal wells and hydrocarbon extraction yields through time, the water use has also 
increased. The relative increase in lateral length (4–60 percent) was, however, significantly 
lower than the increase in water use (14–770 percent). When water use per well is normalized 
to the length of lateral section of the horizontal well, in almost every case among oil producing 
regions, an increase in water use per length of the horizontal well is observed. This pattern is 
most evident in the Permian region, where water use increased from 4.4 cubic meter (m3) per 
meter in 2011 to 29.3 m3 per meter in 2016 for gas-producing wells, and from 3.9 m3 per meter 
in 2011 to 21.1 m3 per meter in oil-producing wells. In all cases, with the exception of the 
Marcellus shale play in 2016, the flowback and produced (FP) water generation was also 
increaseding through time, with particularly higher rates after 2014. 

Exhibit 4-3. Water usage and lateral length by shale play 

Used with permission from Kondash et al. (2018) 

Kondash et al. (2018) also illustrate water conditions where the major plays across the United 
States are located, see Exhibit 4-4. The Bakken, Niobara, Permian and Eagle Ford plays are all 
located in arid to extremely dry climates where drought conditions have persisted for many 
years. 
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Exhibit 4-4. Baseline water stress and location of shale plays

Permission pending from Kondash et al. (2018)

4.1.2 Water Quality
Concerns have been raised about potential public health effects that may arise if hydraulic 
fracturing-related chemicals were to impact drinking water supplies. The chronic oral toxicity 
values—specifically, chronic oral reference values (RfVs) for noncancer effects, and oral slope 
factors (OSFs) for cancer are available for the list of 1,173 chemicals EPA identified as 
“associated with hydraulic fracturing.” These include 1,076 chemicals used in hydraulic 
fracturing fluids and 134 chemicals detected in the flowback or produced waters from 
hydraulically fractured wells. 

EPA compiled RfVs and OSFs for these chemicals using six different governmental and 
intergovernmental data sources. Ninety (8 percent) of the 1,076 chemicals used in hydraulic 
fracturing fluids and 83 (62 percent) of the 134 chemicals found in flowback/produced water 
had a chronic oral RfV or OSF reported in at least one or more of the six data sources used. 
Thirty-six of the chemicals used in hydraulic fracturing fluids have been measured in at least 10 
percent of the hydraulically fracted wells drilled nationwide (identified from EPA’s analysis of 
the FracFocus Chemical Disclosure Registry 1.0). Eight of these 36 chemicals (22 percent) had an 
available chronic oral RfV. The lack of chronic oral RfVs and OSFs for the majority of these 
chemicals highlights the significant knowledge gap that exists to assess the potential human 
health hazards associated with hydraulic fracturing (Yost et al., 2016).

Ecological risks to surface waters are present throughout the well life cycle and may manifest 
themselves differently locally compared to regionally. These risks can also vary temporally, as 
development activity like surface water withdrawal may only result in a single, brief impact, 
while the network of roads required for accessing the well pads could increase erosion and 
sediment runoff for years. Previous work identified the primary risks to surface water quality as 
sediment runoff from devegetation, leakage and spillage of chemicals into surface waters, 
unsustainable water withdrawal, landscape fragmentation, and insufficient treatment of oil and 
gas wastewater prior to discharge (Krupnick, Gordon, and Olmstead, 2013; Slonecker et al., 
2012; Drohan et al., 2012; Kiviat, 2013). Unfortunately, few sites exist where baseline 
environmental monitoring occurred prior to hydraulic fracturing operations commencing 
(McBroom, Thomas, and Zhang, 2012). This greatly complicates efforts to precisely quantify 
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Exhibit 4-5. Water withdrawal regulations by state

Used with permission from Richardson et al. (2013)

In many cases, states where hydraulic fracturing is taking place have had to set their own 
regulations. The following is a list of examples of state-based water regulations related to 
hydraulic fracturing. This list is not exhaustive. 

4.2.1 Pennsylvania
Pennsylvania is leading the way in requiring strong disclosure of freshwater and recycled water 
use during hydraulic fracturing. Within 30 days after completion of a well, the operator must 
submit a completion report to the Pennsylvania Department of Environmental Protection 
(PADEP). That report must include a stimulation record, which provides technical details 
associated with hydraulic fracturing, and list water resources that were used under an 
approved water management plan, including volume of water used from each source (25 Pa. 
Code § 78.122(b)(6); 25 Pa. Code § 78.122(b)(6)(vi)). Operators must also disclose the volume of 
recycled water used during well drilling (25 Pa. Code § 78.122(b)(6)(vii)). The PADEP then 
reviews individual plans and approves them, provided that water withdrawals:

• Do not adversely affect the quantity or quality of water available to other users of the 
same water sources. 

• Protect and maintain the designated and existing uses of water sources. 

• Do not cause adverse impact to water quality in the watershed considered as a whole. 

• Are mitigated through a reuse plan for fluids that will be used to hydraulically fracture 
wells (58 Pa. Cons. Stat § 3211(m)(2)).

Other PA water regulations include the following:
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Exhibit 6-3. General procedure for depicting land disturbance from natural gas extraction

Exhibit 6-4 provides an example of energy infrastructure features digitized from 2013 National 
Agricultural Inventory Program satellite imagery overlaid with well locations reported in COGCC 
data. Each mapped feature (or portion thereof) was classified by type (well pad, facility, road, 
or pipeline) and by surface type (disturbed or reclaimed), and well pads and facilities (or 
portions thereof) were assigned an activity status (high, low, or inactive) (Walker et al., 2020).

Exhibit 6-4. Footprint of a well pad and surrounding infrastructure

Used with permission from Walker et al. (2020) 

Each region where natural gas extraction takes place has unique species and habitat thereinthat 
inhabit the particular regions. Within those species, some are more greatly affected than 
others, whether it be core habitat fragmentation orf edging. 
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6.3 NOISE, LIGHT, AND TRAFFIC
Natural gas development processes are associated with both noise and light pollution, which 
can contribute to stress among those living in nearby communities (Down, Armes, Jackson, 
2013; Korfmacher et al., 2013; Peduzzi et al., 2013; Witter et al., 2008a; Witter et al., 2008b). 
Construction, vehicles, drilling, compressors, flaring, and other processing equipment and 
facilities can all pollute through excessive noise and continuous illumination (Cleary, 2012).

6.3.1 Noise Pollution
The A health impact assessment in Colorado identified noise pollution as an area of concern 
and noted that it occurs during drilling and completion operations, flaring, and  because ofas a 
result of vehicular traffic (Witter et al., 2013). Workers can be exposed to noise through many 
sources on site, including diesel engines, drilling, generators, mechanical brakes, operation of 
heavy equipment operations, and radiator fans (Witter et al., 2014); therefore, hearing 
impairment is a noise-related health concern for workers on site. 

A biomonitoring study from Texas found residents reporting concerns about odors and noise 
apparently related to shale gas well and compressor station operations, although this was a 
separate, independent component from the biomonitoring portion designed in order to 
address residents' concerns (Texas Department of State Health Services, 2010). While the 
authors noted that it was difficult to determine if the levels were above acceptable limits that 
may be harmful to human health, and that noise may affect quality of life, this is speculative 
because noise levels were not measured to establish decibels of noise in the study area.

Noise standards for a single well pad may be met; however, the cumulative effects of multiple 
operations in one area might exceed these established decibel levels. In terms of setback 
distances, some noise regulations distinguish between maximum decibels for day and night, 
while others distinguish between maximum decibels for certain phases of the operation such as 
drilling, fracturing, and production; however, there is often variability and, in some areas, it is 
suggested that distances are set as monitoring points, not necessarily points indicative of being 
protective of health (Fry, 2013).

6.3.2 Light Pollution
Light pollution has significant implications for the environment and public health, and its effects 
have become more pronounced over time due to the increasing extent and radiance of 
artificially lit areas (Kyba, 2017). Substantial economic values have been attached to affected 
outcomes, such as biodiversity, recreation, and public health. With respect to human health, 
artificial lights at night are associated with sleep deprivation and mental health (Patel, 2019; 
Xiao, 2020); sleep deprivation, in turn, has been shown to reduce cognition and labor market 
productivity, as well as elevate mortality risks associated with dementia, heart attacks, and 
vehicle accidents (Hafner et al., 2017; Paksarian et al., 2020; Ma et al., 2020; Jin and Ziebarth, 
2020; Prats-Uribe, Tobías, and Prieto-Alhambra, 2018.). A study in Australia quantified the 
financial and non-financial costs of inadequate sleep in 2016–2017 to be $45 B (Hillman et al., 
2018) and another study estimates that $680 B is lost due to sleep deprivation across five 
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required that would include proposed truck routes and assess road conditions along the 
proposed routes. Exhibit 6-5 tabulates the number of truck trips for a typical shale gas well 
(Massachusetts Institute of Technology [MIT], 2011).

Exhibit 6-5. Truck trips for a typical shale gas well drilling and completion

Activity 1 Rig, 1 Well 2 Rigs, 8 Wells

Pad and Road Construction 10–45 10–45

Drilling Rig 300 60

Drilling Fluid and Materials 25–50 200–400

Drilling Equipment (casing, drill pipe, etc.) 25–50 200–400

Completion Rig 15 30

Completion Fluid and Materials 10–20 80–160

Completion Equipment (pipe, wellhead, etc.) 5 10

Fracturing Equipment (pump trucks, tanks, etc.) 150–200 300–400

Fracture Water 400–600 3,200–4,800

Fracture Sand 20–25 160–200

Flowback Water Disposal 200–300 1,600–2,400

TOTAL 1,160–1,610 5,850–8,905

The large volumes of water involved in hydraulic fracturing operations can create high volumes 
of road traffic given the majority of the water used for frackingturing is transported by truck. It 
should be emphasized that the large number of traffic movements shown in the table above 
are worst-case estimates. In particular, re-use of flowback wastewater significantly reduces the 
amount of road traffic associated with hauling water, which represents much of the traffic 
movement. Furthermore, large-scale operators are also using pipelines to transport water to 
the site, substantially reducing the amount of road traffic (MIT, 2011). 

The Eagle Ford Shale Task Force Report for the RRC identified increased traffic and 
deterioration of roads and bridges among the infrastructure impacts from shale gas 
development (Porter, 2013). Exhibit 6-6 lists estimates of the number of truck-trips-per-shale-
gas-well in the Eagle Ford (Porter, 2013).

Exhibit 6-6. Loaded truck trips per gas well

Activity Number of Loaded Trucks

Bring well into production 1,184

Maintain production (per year) Up to 353

Re-fracturing (every 5 years) 997

These impacts are enough of a concern that the task force considered alternative financing 
methods to help meet the increased demands on roads and bridges (Porter, 2013). 
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Upadhyay and Bu (2010) surveyed the visual impacts of Marcellus drilling and production sites 
in PAPennsylvania. They reviewed the drilling process, assessed direct visual impacts, and 
compared the results to the impacts of other technologies (e.g., windmills and cell towers). 
They also studied drill-pad density from map and aerial perspectives to examine the likelihood 
of seeing drill towers across a landscape, and the modeled potential impacts for increased 
drilling, making the following conclusions:

• Serious impacts from light and noise are a potential problem within a small radius of 
drilling sites.

• Indirect impacts like increased truck traffic, equipment storage, and temporary 
structures compose the most salient visual impacts, rather than the drill pads 
themselves.

• Timelines for site restoration of visual impacts vary significantly.

Upadhyay and Bu (2010) recommended that visual impacts be addressed during the siting and 
design phase and that nighttime impacts could be avoided by pointing lights downward. 

The RFF (2013) report also gave several options in their survey of experts under the category of 
community disruption. Included in this category, as well as in the habitat fragmentation section, 
were such risks as light pollution, noise pollution, odor, and road congestion. The industry 
respondents identified a number of these community disruptions as risk pathways of high 
priorities, while the other respondent groups identified more conventional (e.g., air pollution, 
water pollution, etc.) risks. 

6.4  REGULATIONS AND STRATEGIES TO REDUCE LAND IMPACTS
While there are very few regulations to reduce the impacts on land, habitat, noise, light, and 
traffic pollution, best practices have been developed in some cases. 

6.4.1 Mitigation Options for Habitat Fragmentation Impacts
The NYSDEC (2011) study proposed that, if the development area included a region of 
continuous forest over 150 acres in size or a region of grassland over 30 acres, an ecological 
assessment should be conducted to identify best management practices.

A 2012 study of hydraulic fracturing practices in the Inglewood oil field in California, operated 
by the Plains Exploration & Production Company, proposed that the best way to mitigate 
habitat fragmentation impacts is to adopt best management practices, perform wildlife surveys, 
and implement restrictions during migration and mating seasons (Cardno ENTRIX, 2012). The 
study also found that ensuring that well pad reclamation occurs is the most productive method 
to reduce harm to populations (Cardno ENTRIX, 2012). 

Avoiding disturbances to sensitive areas such as wetlands, waterways, and wildlife habitats 
when locating drilling sites could be the best method for mitigating impacts. Reclaiming the 
land upon completion of drilling activities is the best way to mitigate impacts in those cases 
when avoiding disturbances is impossible (NETL, 2009). Proceeding with reclamation processes 
as quickly as possible can minimize the disturbances, but all mitigation measures (including 
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7.2.1 Distributional Justice
Distributional justice is focused primarily on the equitable distribution of benefits and dis-
benefits across communities (Spurlock et al., 2022). It is a concept focused on the well-being of 
individuals, which spans the gambit of human outcomes such as psychological well-being, 
societal well-being, and physiological well-being (Deutsch, 1975). Distributional justice delves 
into the nuanced context in which equity versus equality versus need may dominate in 
identifying unjust distributions.

Fairness is a key concept within distributional justice and can be characterized as a problem for 
geospatial analysis (Bouzarovski and Simcock, 2017). Across the energy supply chain, 
distributional justice is a problem of implied risk responsibility as well as costs and benefits 
(Heffron and McCauley, 2014). In addition to inequities created by a historical lack of 
inclusiveness is the risk that those structural deficits will compound under a changing climate. 
In other words, unless addressed, the deficits of the past will likely increase as the climate 
changes much like a revolving line of credit tends to grow faster over time when a balance is 
carried from one period to the next.

7.2.2 Procedural Justice
Spurlock et al. (2022) present procedural justice as essentially the effort to include all voices. 
This is the idea that disadvantaged communities are overburdened and underserved and their 
disenfranchisement can only be corrected when their voices are intentionally included in the 
start-to-finish process of project and policy development. In other words, stakeholder 
engagement must be done early and often to ensure the priorities of disadvantaged 
communities are codified in the priorities of the project or policy.

Procedural justice takes a more holistic view of outcomes from the perspective of group 
perception. Researchers break the impacts of procedural justice into three areas of effect: 
voice, dignitary process, and fair process. The voice effect is the positive behavior observed in 
communities engaged with a decision-making process when the individual feels heard. The 
effect of dignitary process is best described as respect. When an individual’s dignity is 
preserved, the community buy-in to the procedure grows. Finally, the fair-process effect 
describes the positive community behaviors that arise when the group perceives the existence 
of procedural justice. In a sense, the effect of fair process augments the effects of the dignitary 
process and the power of voice (Lind and Earley, 1992).

7.2.3 Recognition Justice
At its core, recognition justice deals with respect and consideration. Spurlock et al. (2022) 
present the concept as a demand to recognize that divergent views exist on the best pathways 
for energy project development and strategies to address issues of climate justice. Those views 
reflect the unique, diverse backgrounds of these communities who present the perspectives 
and opinions reflective of their histories. Incorporating those voices in the energy transition is 
critical to ensuring policymakers implement project development that seeks to serve all. 
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Carbon mitigation policies themselves also present societal costs that are unequally burdening 
communities based on how much of the remaining carbon budget impoverished communities 
might need. But at its heart, energy justice is an issue of economic opportunity as access to 
safe, affordable energy is a necessity to meet basic human needs and pursue economic growth 
opportunities (Piwowar, 2022).

Bouzarovski and Petrova (2015) identify the criteria and conditions that drive energy poverty as 
the material and/or social deficit in energy services accrued by communities. The authors 
outline two key issues. First, deficits in domestic energy access and supply are the direct result 
of ineffective socio-technical mechanisms that fulfill energy demand at the household level of 
energy services such as heating and lighting. Second, “vulnerability thinking” often drives or 
exacerbates these outcomes. That is to say, the perceived likelihood of becoming impoverished 
can drive outcomes, frame processes, and generally lead to the undesired outcome as a result 
of historical perceptions or perspectives (Hall et al., 2013).

Okushima (2021) attempts to measure the “basic carbon needs” of a community. These are the 
total GHG emissions an individual community might bare to attain an “adequate level of 
domestic energy services.” Okushima’s case study of Japan highlighted that basic carbon needs 
varied based on differences in several factors within a community including the type of 
domestic dwelling, community demographics, and variation in climate characteristics across 
regions. Affluence allows people to shift away from GHG-intensive energy sources and can 
change basic carbon needs. Moreover, Okushima (2021) found that balancing the ability of all 
communities to meet their energy needs with decreases in their basic carbon needs is the 
critical factor for achieving some equitable progress on climate change.

The importance of energy poverty may have increased in recent years as a function of the 
world’s increased attentiveness to climate change risks, but Campbell (1993) points to the 
1970s oil crises as the flux point at which energy poverty challenges to political stability were 
revealed. Those latent risks to social cohesion were evident in communities dominated by 
lower incomes, access to inefficient heating technology, and sub-standard governmental 
guidelines for housing insulation. However, the sudden rise in oil prices catalyzed those latent 
risks into active disruptions that were exacerbated as policymakers introduced mechanisms to 
ration supply.

Campbell (1993) identifies the conceptual term “poverty” as an issue that confounds action on 
the problem of energy poverty. Poverty is identified as a multi-generational condition that 
permeates at the community-level without tangible points of action to take. To most, the state 
of poverty is a state of being. This is a challenge without boundaries—that formlessness tends 
to overwhelm policymaker action especially when considering the issue as multi-generational.  
Measuring those impacts on a quantifiable level is, therefore, a distinct challenge.  

Energy poverty, on the other hand, is an energy infrastructure problem that capital 
expenditures can directly cure because household expenditures on fuel are quantifiable; 
therefore, a threshold exists in theory where energy poverty begins and ends (Campbell, 1993). 

Campbell points to Boardman (1987) who posited that 10 percent of one’s household income 
being spent on energy/fuel was the threshold of concern for energy poverty—a metric adopted 
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The capacity to politicize energy transition debates is high (Healy and Barry, 2017) with GHG-
intensive firms in a unique position to rally action against clean-energy projects (Goods, 2022) 
as a tradeoff between employment and climate policy. There is some merit to this concern 
from the community perspective as well. Female employment in the solar industry lags far 
behind male employment (Carley and Konisky, 2020) and disadvantaged or disenfranchised 
communities tend to bear a larger overall burden of costs even those associated with cleaner 
energy projects (Brock et al., 2021). To the extent that governance strategies can acknowledge 
the dignity of historically disadvantaged communities and groups, efforts to engage with those 
communities and groups in energy transition and governance strategies will be more successful 
and less divisive (Grossmann and Trubina, 2021).

Unions are viewed as an amenable structure for elevating and empowering the voices of 
disadvantaged communities in the energy transition (Pai, Harrison, and Zerriffi, 2020; Newell 
and Mulvaney, 2013). One reason may be in the high unionization rate of fossil-fuel industries 
(Pai and Carr-Wilson, 2018). Engaging with unions is in many ways a matter of practicality and 
the pre-existing internal structures built to advocate for their members make unions a strong 
vehicle for working toward a just transitionq (Stevis and Felli, 2015). As an expansion of natural 
gas/LNG U.S. export capacity could limit the loss of employment for communities historically 
reliant on the fossil fuel industry, there exists an implicit advantage to directly approaching 
unions as potential enablers of cooperation with communities.  Avoiding the mass loss of 
employment would help these communities from further decline as they tend to be areas in 
which the negative health and social impacts of fossil fuels are particularly pronounced. 

Intentional efforts to diversify local economies would increase the resilience of local economies 
(Lobao et al., 2016). Notably, increasing the diversity of local economies is a positive regardless 
of the effort to transition away from fossil fuels. Any local economy highly dependent on one 
industry—particularly when that industry is as volatile as extractive-based industry—would 
introduce a greater resilience supportive of regional growth (Freudenburg and Gramling, 1994).

Among the opportunities a just transition presents are the ability to reduce the gender gap in 
regions dominated by the fossil fuel industry, increase investment into local energy 
infrastructure, remediate historical environmental damage, retrain the local workforce to “skill 
up” the region’s human capital, and shore up local government revenues through economic 
diversification (Pai, Harrison, and Zerriffi, 2020).

In the end, just transitions are achieved when local voices are not just heard but amplified 
during the energy transition process. An unfortunate trend can play out that misses the mark 
on this issue where well-intentioned decisionmakers attempt to prescriptively advocate on 
behalf of disadvantaged communities. Often, policymakers advocate for the environmental 
protection of disadvantaged communities while neglecting to consider the calls for economic 
development emanating from those communities. A key example of that rests in the Canadian 
arctic where LNG projects that could act as local development opportunities for increasing local 
incomes are prevented by national policies that have banned energy projects out of the best 
intentions (Nicol and Barnes, 2019).

q The term “just transitions” originated within community-organizing efforts centered on labor unions (Eisenberg, 2018).
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One obvious benefit of large-scale energy project development rests in the rents accrued from 
the project’s completion. Treating these project benefits as a viable source of income that could 
be distributed to disadvantaged communities was explored in Chandrashekeran (2021), who 
studied indigenous populations in Australia after land repossession within Aboriginal 
populations. Chandrashekeran (2021) found that establishing property rights for historically 
disenfranchised populations is a key step in empowering collective negotiations for revenue 
sharing to fund reparations.

7.7 PROTESTS AND POLITICAL ACTIVISM
Excluding communities from decisions creates risks not just for disadvantaged populations, but 
for the completion of large-scale energy project development overall (Temper et al., 2020). The 
perpetuation of community disenfranchisement leaves people with a sense that the only option 
available for advocacy is to organize and protest. The way in which narratives are framed 
matters a great deal with respect to facilitating community buy-in for policy seeking to pivot 
away from fossil fuels.

Janzwood and Millar (2022) argue that the duality of natural gas—that it simultaneously 
accelerates the transition as a baseline electricity input and ensures the perpetuation of GHG 
reliance—creates the conditions for interpretive politics to dominate discourse around the 
transition. This is especially true for LNG organizations planning large energy infrastructure 
projects (Korkmaz and Park, 2019) and when regional economies are reliant on fossil fuels or 
the topic of natural gas as a “bridge fuel” is debated (Cha, 2020).

On the other side, anti-coal and anti-gas advocacy groups proved their own capacity to organize 
effectively in developed economies (Durand and Keucheyan, 2022). Social movements such as a 
the “UK Rights to Warmth” in the United Kingdom coalesced around the fight against 
entrenched energy poverty to some success (Walker and Day, 2012). Successful efforts to stop 
LNG export projects were found even in fossil fuel-friendly U.S. states such as Texas (Garrett 
and Sementelli, 2021) with access to social media and the strategic deployment of online 
networks increasing their efficacy (Correa-Cabrera et al., 2022).

The willingness to protest varies across cultures. Whereas communities within the United 
States that are at risk of job losses from national policies might tend to view justice as a 
regional tug of war that must be fought, research into Chinese activism shows that the 
Confucian perspective on justice as a collective outcome (whose goals are harmony between 
nature and humanity) shifts the perspective of the debate at its core (Wang and Lo, 2022). 
However, a nation or region’s reliance on fossil fuels is not a reliable indicator of attitudes 
toward natural gas and LNG projects. Case in point, protestors in Canada and Norway have 
vehemently advocated against the expansion of oil and gas exploration despite their deep 
reliance on oil and gas production for both economies (Harrison and Bang, 2022). It has also 
been found that protests can arise in areas where there is a history of oil extraction when 
unconventional natural gas exploration is proposed (Chailleux et al., 2018).

The politicization of energy infrastructure can result in starkly divided factions, but the common 
thread of discontent that binds pro-gas and anti-gas contingencies is rooted in process. 
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Specifically, deficits in procedural and distributional justice tend to increase the likelihood of 
activism (Evensen, 2018; Temper et al., 2020).

7.8 ENERGY GOVERNANCE AND ADAPTIVE MANAGEMENT 
Governance structures play a vital role in the pursuit of energy project development and the 
transition away from fossil fuels, but their ability to provide an equitable or just transition is not 
guaranteed (Moss, 2009). Incorporating the concept of just outcomes begins with the 
governance structures of energy project development and planning (Newell and Mulvaney, 
2013). Those who are in the position of governance are in a position of authority to inculcate 
more equitable outcomes to benefit disadvantaged populations (Florini and Sovacool, 2009).

As Florini and Sovacool (2009) point out, governance is not simply government. While 
governance is an activity in which governments participate it exists as a framework for creating 
and maintaining processes to implement policy. This framework is the conduit for participation 
that brings together government, intergovernmental organizations, private sector market 
participants, and communities to collectively manage a process that ideally serves all groups.

Governance is necessary as a result of two issues with which economists often wrestle. One 
issue is that society is not capable of ensuring equitable access to public goods without some 
overarching set of rules to facilitate that outcome and a governance structure to provide 
oversight over implementation. The second issue is that any economic or social activity tends to 
create what economists call “externalities.” That is, there are unintended results that can occur 
indirectly from the consumption of goods or social interactions. The decommissioning of a coal 
power plant is a prime example of the need for governance to protect the public’s well-being 
from externalities, as an idle power plant could become the source of negative health outcomes 
for a community without intentional efforts to prevent such outcomes. Governance structures 
are necessary to deal with these two conceptual issues because there is no economic incentive 
to do so (Florini and Sovacool, 2009).

Perspectives can clearly vary within communities and that variation can affect governance 
structures (Wang and Lo, 2021). In studying international natural gas markets, Norouzi (2022) 
notes that the heterogeneity of individual members within a collective community implies that 
international natural gas market outcomes are heavily influenced by individual preferences 
within any collective. Community engagement is important, but it is not the magic elixir that 
solves the problem by itself. Ciplet and Harrison (2019) identify three conflicts that emerge in 
efforts to facilitate an energy transition: 1) between inclusivity and sustainability where 
inclusive processes that invite community engagement require more time to complete projects; 
2) between sustainability and the need to recognize the unique value system for each 
community, which increases the complexity of sustainability goal pursuits; and 3) between 
equity and sustainability, meaning that the distribution of costs and benefits can conflict with 
project performance.

The impact of a region’s political economy can also clearly drive outcomes. Inequality is a multi-
dimensional concept that varies across countries and individuals (Laurent and Zwickl, 2021). As 
the communist states of the Eastern Bloc exited the Union of Soviet Socialist Republics, the 
effort to integrate into energy markets within the European Union revealed that variations in 
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culture and geography dominated some preferences in energy project outcomes with respect 
to energy justice (LaBelle, n.d.). On the other hand, a study of sub-Saharan African nations 
revealed a positive relationship between democracy, energy justice, and growth (Opoku and 
Acheampong, 2023). Cultural differences aside, income and wealth inequality may drive many 
of the outcomes. Studies of European Union attitudes toward sustainability policies show that 
41 percent country-level variance in negative attitudes is correlated with differences in wealth 
and income (Pellegrini-Masini et al., 2021).

In short, the lack of consideration for energy justice issues within the global framework of 
energy governance will likely just perpetuate historical disadvantages within communities 
(Symons and Friederich, 2022). This is a function of existing power structures within current 
governance structures. Beyond that, Symons and Friederich (2022) show that the political 
sovereignty of communities making independent decisions over energy project development 
will always result in outcomes that serve each group’s self-interest and ignore the externality 
problems. Without intentional adjustments to governance that deal with these structural 
problems, the current paradigm will continue to create winners and losers and perpetuate the 
current disenfranchisement of some communities.

Good governance strategies for energy project development require support from the 
government, reliable capital and operational funding, diversification goals for the economy, and 
diverse coalitions (Wang and Lo, 2021; Cha, Wander, and Pastor, 2020). Finally, the creation of 
ownership stake opportunities at the onset of project development for disadvantaged 
communities is critical to ensuring that the tradeoffs between disenfranchised communities 
and the regional benefits of energy projects ameliorate losses. Greater rates of acceptance 
have been found to exist within communities with larger ownership stakes in energy projects 
(Hogan et al., 2022).

7.9 SUSTAINABLE DEVELOPMENT
The desire to balance environmental protection and economic development in disadvantaged 
and frontline communities has led to the championing of a concept called “sustainable 
development.” Summarized broadly, the idea is to balance the needs of current generations 
without harming the well-being of future generations. Within this movement, the needs of 
today’s impoverished communities are heavily weighted under the theory that gains in wealth 
and income of today’s generation beget gains in tomorrow’s generation. In other words, the 
benefits of economic development compound over generations (Poppel, 2018).

In practical use, the concept of sustainability can be vague (Grossmann et al., 2022). One oft-
missing area of focus is the tradeoff between environmental protection advocacy for 
disadvantaged communities and advocacy with these same communities for energy justice and 
sustainable development. The concept of embedded sustainable development outlines criteria 
for energy project development to be measured in terms of how energy justice efforts compare 
to the energy privilege of communities (Ciplet, 2021).

In 2015, the United Nations outlined a list of 17 Sustainable Development Goals that define the 
focus of sustainability as a practice (United Nations, 2015). Oriented toward 2030 outcomes, 
the 17 outcomes broadly fall into Barbier’s (1987) canonical “three systems” approach to 
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process development: environmental, social, and economic. Broadly speaking, the 17 goals 
break down into the promotion of clean water and sanitation services alongside sustainable 
cities and sustainable economic growth with full employment as well as the sustainable 
development of natural resources. They also promote the end to food insecurity and poverty, 
greater levels of societal health and well-being, lifelong inclusive/equitable educational 
opportunities, and gender equality, as well as strong judicial and governmental institutions. 
Finally, the United Nations (2015) advocates for the proactive implementation of climate 
change policy that results in energy infrastructure resilience where communities have access to 
reliable and affordable clean energy.

Cherepovitsyn and Evseeva (2020) proffer several criteria to promote sustainable development 
within the context of LNG project development in the arctic—an area currently receiving a 
great deal of attention for energy development projects. The authors note the importance of 
sustainable development in the arctic as it is home to over 20 percent of the world’s 
hydrocarbon resources. To promote sustainable outcomes, they propose seven criteria of 
sustainable development goalsr:

• Project development must minimize environmental impacts at the construction and 
operation site

• Natural resource use should be efficient
• Local community support is paramount as is the effort to preserve indigenous culture 

and heritage
• Long-run regional economic gains that benefit and reflect stakeholder expectations 

should be prioritized
• Larger energy infrastructure development goals are achieved
• Innovations to industry technology are achieved
• Strengthening the regional LNG market relative to the global network is achieved

7.10 CONCLUSION
Historical disenfranchisement of communities has often resulted in the creation of winners and 
losers with respect to policy impacts. To the extent that policy has created the conditions under 
which disadvantaged communities arise, those policies have likely been rooted in a 
fundamental lack of inclusivity in the planning and implementation processes of project 
development. As the United States continues to embark on a transition away from a GHG-
intensive economy, the chance to right those historical wrongs presents itself.

DOE deploys the Climate and Economic Justice Screening Tool to identify disadvantaged 
communities. To do so, the tool pulls in geographic information system data on the universe of 
communities whose boundaries are defined by the U.S. Census. These communities are 
identified as disadvantaged if that census tract meets the criteria for disadvantage in one of the 

r Note that while the framework for measuring outcomes by Cherepovitsyn and Evseeva (2020) focuses on the arctic, this 
approach may be prudent for any LNG project development strategy. As such, the seven points have been modestly 
edited to apply more broadly.
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categories describing burden or if that community resides within the boundary of a federally-
recognize tribe. 

The panoply of burdens fall within a framework of several categories. The threshold for being 
considered disadvantaged under the Climate Change category is that the census tract is at the 
90th percentile for agriculture loss, building loss, population loss, or flood and wildfire risk. For 
Energy, the census tract is at the 90th percentile for energy costs. For Health, the census tract is 
at the 90th percentile for asthma, diabetes, heart disease, or low life expectancy. For Housing, 
the census tract is at the 90th percentile for green space deficits, indoor plumbing, or lead paint 
exposure as well as they have experienced historical disinvestment in housing. For Legacy 
Pollution, the census tract is at the 90th percentile of exposure to facilities that have dealt with 
hazardous waste, former defense sites, are proximal to a superfund site or a risk management 
facility. For Transportation, the census tract is at the 90th percentile for exposure to various 
environmental particulates, face barriers to transportation access, or barriers due to volume. 
For Water and Wastewater, the census tract is at the 90th percentile for exposure to storage 
tanks or releases underground, or the discharge of wastewater. For Workforce Development, 
the census tract is at the 90th percentile for isolation by their linguistic background, poverty, 
unemployment, or an overall lower median income. 

Currently, the tool identifies roughly 27,251 communities at the census tract level. The 
deployment of tools like this during the energy transition is key, particularly during the early 
planning stages, in creating the approach for community outreach, and in the effort to 
structure governance strategies. Identifying where disadvantaged communities are provides 
the high-level understanding into where deficits in outreach and inclusion have likely 
exacerbated the pervasiveness of disadvantage. In doing so, concerted efforts to bring these 
voices into the development of large-scale energy infrastructure projects related to natural 
gas/LNG market opportunities is key. 

The calls to advocate for energy justice during this transition have grown as the salience of 
climate change threats grows. Achieving a just transition is largely a functioning of process. The 
once-in-a-lifetime opportunity to restructure current processes around the core concepts of 
distributional, procedural, and recognition justice is significant. Re-framing the foundations 
upon which critical U.S. energy infrastructure is built by bringing diverse voices and 
stakeholders to the planning table will help to ensure that the best laid plans produce results 
that facilitate the growth for all, not just some.

To do so, there is a need to accept the existence of frictions innate to energy justice and energy 
poverty. Providing economic growth opportunities in GHG-intensive regional economies is as 
paramount as the need for ensuring reliable, affordable, and clean energy for those suffering 
from a historic lack of energy access. This may require adjusting the method of measuring the 
benefits and costs of large-scale U.S. energy infrastructure investments. The implementation of 
the Biden-Harris Administration’s Justice40 initiative speaks to this effort.

This chapter provides the framework for pursuing inclusivity goals in its discussion of energy 
justice and energy poverty. The energy transition is presented as a catalyst for pursuing change 
with the intended outcome being a just transition for all. In the end, the vehicle for applying 
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energy justice and energy poverty goals rests in the inclusive design of energy governance 
structures.

The literature base of energy justice and energy poverty within the space of natural gas and 
LNG market development is strong and growing. With intentionality, the authors of future 
research can help to ameliorate those historical disenfranchisements and provide a framework 
for the kind of shared prosperity that induces strong growth for all.
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study does not attach probabilities to any of the scenarios and no inference about the likelihood of 
these scenarios occurring should be made. Finally, although the scenarios explored in this study model 
the actual provisions in the IRA in the United States, S6 and S7 that incorporate countries’ climate 
pledges do not explicitly model the actual policy instruments, sectoral measures, and regulations that 
countries might adopt to meet those pledges due to lack of sufficient literature on policy instruments, 
regulations, and mechanisms over the longer time horizon of focus in this study. Instead, these 
scenarios assume that countries achieve their pledges within their geographic boundaries through a 
cost-effective combination of sectoral transitions. The results from these scenarios described in this 
report could be different depending on the actual policies and mechanisms that countries use to meet 
their stated pledges.
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Under S2, in which U.S. LNG exports are determined by market equilibrium, U.S. natural gas production 
and LNG exports increase compared to S1 to satisfy the growing demands of natural gas globally. Under 
S2, U.S. LNG exports grow to approximately 47 Bcf/day by 2050. Figure 5 shows the changes in natural 
gas consumption, production, and trade by region in S2 versus S1.  The additional U.S. LNG exports in S2 
compared to S1 is 20 Bcf/day in 2050. The availability of additional U.S. natural gas in the global natural 
gas market at competitive prices results under S2 in a reduction in production and LNG exports from 
other parts of the world compared to S1. The increased availability of U.S. LNG under S2 also results in 
higher LNG imports and reduced pipeline trade outside of the United States. In addition, natural gas 
consumption outside of the United States increases by 7 Bcf/day compared to S1. However, U.S. natural 
gas consumption under S2 decreases (by 3 Bcf/day in 2050) driven by domestic price increases in 
response to increased domestic production. Thus, the net increase in global natural gas consumption in 
S2 compared to S1 is 4 Bcf/day. Compared to the total natural gas consumption globally in 2050 in S1 
(574 Bcf/day), this change is <1%. Consequently, global primary energy consumption and GHG emissions 
under S2 do not change much compared to S1, as shown in Figure 6.

Figure 5. Changes in natural gas consumption, production, and trade by region in S2 vs. S1. Conversion 
factors are as follows: 1 Tcf/yr = 2.74 Bcf/day and 1 Bcf/day = 0.36 Tcf/yr
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Figure 11. Changes in natural gas consumption, production, and trade by region: S6 vs. S1 and S7 vs. S2. 
Conversion factors are as follows: 1 Tcf/yr = 2.74 Bcf/day and 1 Bcf/day = 0.36 Tcf/yr
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As shown in Figure 12, S6 and S7 differ in the role of U.S. LNG exports in the global natural gas market. 
By 2050, U.S. LNG exports in S6 are not different from S1 because this scenario assumed the S1 values 
(which are based on the AEO2023 Reference Scenario) as an upper bound. Under S7, which assumes 
economically driven outcomes, U.S. LNG exports increase by 6.3 Bcf/day to 34 Bcf/day in 2050. Similar 
to the comparison between S1 and S2, the availability of additional U.S. LNG in S7 results in a reduction 
in natural gas production, reduction in LNG exports, increase in LNG imports, and reduction in pipeline 
trade outside of the United States compared to S6. The availability of additional U.S. LNG in S7 also 
results in a net increase in natural gas consumption of 1.6 Bcf/day outside of the United States. In 
addition, U.S. natural gas consumption under S7 decreases by 0.25 Bcf/day in 2050 compared to S6 
(driven by domestic price increases in response to increased domestic production). Thus, the net 
increase in consumption globally in S7 compared with S6 is 1.37 Bcf/day. Compared to the total natural 
gas consumption globally in 2050 in S6 (442 Bcf/day), this change is a <1% increase. Consequently, 
global primary energy consumption under S7 does not change much compared to S6, as shown in Figure 
7. Note that there is no change in global emissions under S7 relative to S6 since both scenarios are 
constrained to the same values by design.
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Figure 12. Changes in natural gas markets in S7 vs. S6. Conversion factors are as follows: 1 Tcf/yr = 2.74 
Bcf/day and 1 Bcf/day = 0.36 Tcf/yr

E. Global Primary Energy Consumption and GHG Emissions Across All Scenarios

Overall, as shown in Figure 13, the seven scenarios explored in this study result in a range of outcomes 
for global primary energy consumption and emissions by 2050. Across S1–S5, global primary energy 
consumption in 2050 ranges 802–833 exajoules (EJ) and global emissions range 47.5–50.3 Gt CO2e. In 
addition, the fuel composition of primary energy consumption and sectoral allocation of emissions are 
not very different across S1–S5. Total primary energy consumption and GHG emissions are highest 
under S3, driven by higher population growth and associated increases in energy demand.
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Notably, total emissions in 2050 under S1–S5 are relatively similar to 2015 levels because these 
scenarios include current policies and measures to deploy lower emission technologies. However, total 
primary energy consumption in 2050 under these scenarios is significantly higher compared to 2015, 
primarily driven by population and economic growth.

Figure 13. Primary energy consumption by fuel and GHG emissions by sector under all scenarios

By contrast, total energy and emissions are lowest under S6 and S7 due to assumptions about countries 
limiting emissions consistent with their pledges. Under these scenarios, global primary energy 
consumption in 2050 is 716 EJ and global GHG emission is 17 Gt CO2e. As described earlier, these 
scenarios are also characterized by significant changes in the fuel composition of global energy 
consumption and the deployment of CDR technologies compared with S1–S5. 

F. NEMS Analysis: Implications for U.S. Energy Systems

1. Energy Impacts 

AEO2023-NEMS and FECM-NEMS were used to model U.S.-specific results for S1–S5, and S6 and S7, 
respectively. Similar to global energy consumption, primary energy consumption in the United States 
grew over time in each scenario. 

In 2025, the primary energy consumption was at approximately 103 EJ in scenarios S1–S5, as shown in 
Figure 14. By 2050, all scenarios saw an increase in total energy consumption, exceeding 110 EJ. The 
highest energy consumption was recorded in S5 at 115 EJ, and the lowest consumption was in S4 at 111 
EJ. 
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Figure 15. U.S. primary energy consumption S6 and S7

2. Natural Gas Production and Consumption Impacts

U.S. natural gas production increased across most scenarios to maintain projected export volumes. U.S. 
natural gas consumption, on the other hand, was relatively unchanged across the first four scenarios. 
Figure 16 plots total U.S. natural gas production, consumption, and export values over time. The LNG 
export values were identical to those plotted in Figure 3 and are included here as reference.
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Figure 16. Total U.S. natural gas production, consumption, and export volumes over time, by scenario

From a starting point of 33.5 trillion cubic feet (Tcf)/day (91.5 Bcf/day) of natural gas production in 2020, 
production in each scenario increased, following a path that correlated with their LNG export curve. 
Natural gas production in S1, S2, and S3 followed a similar trajectory by 2035, reaching 39.5, 39.4, and 
39.5 Tcf, respectively. S1 production then slowed through 2040 and reached a peak of 42.0 Tcf by 2050. 
S2 and S3 production values accelerated through 2050, reaching 49.0 Tcf and 49.5 Tcf, respectively. 
Similar to the trends in LNG exports, S4 production exhibited the lowest values, ending slightly below S1 
at 40.7 Tcf in 2050. S5 production exhibited the same general path as S2 and S3, but grew more slowly, 
reaching 38.2 Tcf and 45.7 Tcf in 2035 and 2050.

The natural gas consumption volumes from S1–S3 followed similar paths, dipping from 30.5 Tcf in 2020 
to 27.6, 27.5, and 27.4 Tcf in 2035 before ramping up to 29.8, 29.6, and 29.6 Tcf in 2050 in these 
scenarios. Although S4 had exhibited lower LNG export and natural gas production quantities, the 
consumption volumes in S4 remained slightly higher than the volumes in S1–S3 through most model 
years, equalizing with S1–S3 in the final timestep. S4 reported 28.5 Tcf of natural gas consumption in 
2035 and 29.8 Tcf in 2050. S5 was the largest outlier with the lowest consumption of 26.2 Tcf in 2035 
and almost no change in consumption values between 2035 and remaining flat at 26.2 Tcf in 2050.

The lower natural gas production and consumption volumes in S5 (when compared to S2 and S3) are 
explained by the effect of low renewables costs on the energy system. S5 adopted many of the same 
inputs as EIA’s AEO2023-NEMS low zero-carbon technology cost scenario. These inputs drove down the 
cost of renewables and caused S5 to switch from natural gas to cheaper renewable energy sources, 
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affecting both production and consumption. The remaining scenarios showed similar levels of natural 
gas consumption, but different levels of natural gas production, suggesting that most increases in 
natural gas production were passing directly to LNG exports.

Figure 17 plots the natural gas production, consumption, and exports for the two net-zero scenarios. 
Natural gas production in S6 and S7 is 37.6 Tcf and 37.1 Tcf in 2035, respectively, but quickly rise to 54.7 
Tcf and 56.5 Tcf by 2050. S6 and S7 exhibited a flatter trend in total consumption through 2040, but 
reached 41.9 Tcf and 41.5 Tcf, respectively, by 2050. The differences between the two net-zero 
scenarios were similar to differences observed in S1–S5: changes in production were correlated with 
changes in LNG exports, but differences in consumption between scenarios were minimal. 

Figure 17. Total U.S. natural gas production, consumption, and export volumes, S6 and S7

The rapid increase in natural gas production and consumption for the net-zero scenarios after 2040 
came from a substantial increase in natural gas to power DAC facilities, plotted in Figure B-5 in Appendix 
B: U.S. Analysis and Description of AEO2023-NEMS and FECM-NEMS. Natural gas consumption 
accounted for 16.8 Tcf and 16.2 Tcf in 2050 for S6 and S7, respectively. More detail on CO2 emissions 
and removals is provided in Section F, U.S. GHG Results.
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3. Natural Gas Henry Hub Prices Impacts

Although total U.S. natural gas consumption volumes were similar across the first five scenarios, higher 
LNG exports increased natural gas prices by up to 33% in 2050. The natural gas price of the net-zero 
scenarios rose above the prices in S1–S5, driven mostly by demand for natural gas to power DAC 
facilities. Figure 18 plots the natural gas price at the Henry Hub in $2022/million cubic feet (Mcf) over 
time for all scenarios. 

Figure 18. Total U.S. natural gas Henry Hub price by scenario ($2022)

The natural gas price in S1 increased to a maximum of $4.08/Mcf in 2040 before moderating to 
$3.88/Mcf in 2050. The natural gas prices in S2, S3, and S5 were mostly consistent with S1 through 2035 
but ultimately rose to levels of $5.09/Mcf, $5.15/Mcf, and $4.67/Mcf, respectively, by 2050. The 
difference in prices correlated with the differences in LNG export curves, while LNG exports in S1 
plateaued after 2035 and saw a drop in natural gas prices. S2, S3, and S5 all exhibited both increasing 
exports and prices. S4 had lower natural gas prices over most of the modeling period but ultimately 
exceeded S1 in 2050 with a price of $4.12/Mcf; the persistent increase in S4 prices after 2030 was 
consistent with increases in LNG exports throughout the same period.

The influence of LNG exports on natural gas prices shown in Figure 18 was similar to the effect reported 
in EIA’s May 2023 “Issues in Focus” report on LNG.26 EIA’s “Fast Builds Plus High LNG Price” scenario, 
which modeled the effect on U.S. energy markets of accelerated construction of LNG infrastructure in an 
environment with elevated international demand for LNG, reported a 2050 natural gas price of 
$4.81/million British thermal units (MMBtu) (equal to $4.98/Mcf) at 48.2 Bcf/day of exports. These 
values are close to the results from S2 of $5.09/Mcf at 47.2 Bcf/day of exports and demonstrate 
agreement between the two studies on the relationship between LNG exports and natural gas prices. 

Overall U.S. natural gas consumption did not change appreciably in response to higher prices, but there 
were some shifts in consumption behavior on a sector-by-sector basis. These sector-specific differences 

26 U.S. EIA (2023). AEO2023 Issues in Focus: Effects of Liquefied Natural Gas Exports on the U.S. Natural Gas 
Market. Available at: https://www.eia.gov/outlooks/aeo/IIF_LNG/pdf/LNG_Issue_in_Focus.pdf.
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Figure 19. U.S. real GDP changes

Figure 20 shows the residential natural gas price in each of the five key scenarios. In 2050, natural gas 
prices in S3 (when exports are the highest) were 4% higher than S1, when exports were the lowest. 
Overall, natural gas price differences between the scenarios were generally close to 1–2% across the 
scenarios.

Figure 20. U.S. residential natural gas prices

One component of GDP tracked by NEMS is the value of industrial shipments, shown in Figure 21. 
Industrial processes are sensitive to natural gas prices, which were generally higher than S1. However, 
increased production, processing, and transportation of natural gas requires additional equipment, 
which tends to increase industrial shipments. Overall, NEMS showed a very slight increase in the value 
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Figure 22. U.S. LNG export revenues

5. U.S. GHG Results

AEO2023-NEMS tracks CO2 emissions from the combustion and use of fossil fuels. These CO2 emissions 
did not change significantly among scenarios in response to varying LNG export levels. Figure 23 plots 
CO2 emissions from fossil fuels for S1–S5.

Figure 23. Total U.S. CO2 emissions from fossil fuel combustion

From a starting point of 4.58 Gt CO2 emissions in the United States in 2020, the first four scenarios 
declined to 3.99–4.02 Gt CO2 in 2030 and followed a flatter trajectory to 3.93–3.98 Gt CO2 in 2050. 
There was a weak connection between LNG exports and CO2 emissions: scenarios with the highest 
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APPENDIX A: GLOBAL ANALYSIS AND DESCRIPTION OF GCAM

A. Additional Detail on GCAM’s Energy System

GCAM’s energy system contains representations of fossil resources (coal, oil, 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, H2 
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). Each of the sectors in GCAM includes technological detail. For example, the electricity 
generation sector includes several different technology options to convert coal to electricity such as 
pulverized coal with and without CCUS; and coal integrated gasification combined cycle with and 
without CCUS. The full list of technologies in various sectors in GCAM can be found on the GCAM 
documentation page (http://jgcri.github.io/gcam-doc/).

In every sector within GCAM, individual technologies compete for market share based on the levelized 
cost of a technology. The cost of a technology in any period depends on (1) its exogenously specified 
non-energy cost, (2) its endogenously calculated fuel cost, and (3) any cost of emissions as determined 
by the climate policy. The first term, non-energy cost, represents capital, fixed, and variable O&M costs 
incurred over the lifetime of the equipment (except for fuel or electricity costs), expressed per unit of 
output. For example, the non-energy cost of coal-fired power plant is calculated as the sum of overnight 
capital cost (amortized using a capital recovery factor and converted to dollars per unit of energy output 
by applying a capacity factor), fixed and variable O&M costs. The second term, fuel or electricity cost, 
depends on the specified efficiency of the technology, which determines the amount of fuel or 
electricity required to produce each unit of output, as well as the cost of the fuel or electricity. The 
various data sources and assumptions can be found on the GCAM documentation page 
(http://jgcri.github.io/gcam-doc/). The prices of fossil fuels and uranium are calculated endogenously. 
Fossil fuel resource supply in GCAM is modeled using graded resource supply curves that represent 
increasing cost of extraction as cumulative extraction increases. Wind and rooftop photovoltaic 
technologies include resource costs that are also calculated from exogenous supply curves that 
represent marginal costs that increase with deployment, such as long-distance transmission line costs 
that would be required to produce power from remote wind resources. Utility-scale solar photovoltaic 
and concentrated solar power technologies are assumed to have constant marginal resource costs 
regardless of deployment levels. 

In GCAM, technology choice is determined by market competition. The market share captured by a 
technology increases as its costs decline, but GCAM uses a logit model of market competition. This 
approach is designed to represent decision making among competing options when only some 
characteristics of the options can be observed and avoids a “winner take all” response. 

For the purposes of this project, historical natural gas producer prices in the United States are calibrated 
to the Henry Hub prices from EIA28; in Canada, they are calibrated to Alberta marker prices from BP’s bp 

28 U.S. EIA (2023). Henry Hub Natural Gas Spot Price. Available at: 
https://www.eia.gov/dnav/ng/hist/rngwhhda.htm
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Statistical Review.29 For the rest of the world, natural gas producer prices in each GCAM region are 
based on the cost, insurance, and freight prices from S&P Global (see Table A-1).30 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.

Table A-1. Historical natural gas producer prices used for calibration in GCAM 

GCAM Region Natural Gas Producer Prices 
(2022 $/MMBtu)

European Free Trade Association 1.61
Australia_NZ 1.89
Canada 2.45
Middle East 2.66
Africa_Northern 3.13
USA 3.17
Indonesia 3.61
South Asia 4.48
Southeast Asia 4.48
Central America and Caribbean 4.56
South America_Southern 4.56
Russia 5.76
Africa_Western 6.11
EU-12 8.61
EU-15 8.61
Europe_Non_EU 8.61
Africa_Eastern 9.48
Africa_Southern 9.48
China 11.08
India 11.08
Pakistan 11.08
Taiwan 11.97
Argentina 13.19
Brazil 13.19
Colombia 13.19
South America_Northern 13.19
Mexico 13.19
South Korea 13.37
Japan 13.43

29 BP (2022). bp Statistical Review of World Energy. 71st edition. Available at: 
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-
review/bp-stats-review-2022-full-report.pdf
30 S&P Global (2023). S&P Global Commodity Insights. Historical and forecasted LNG prices data sheet.
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Figure A-2. Global natural gas consumption by region across all scenarios. Conversion factors are as 
follows: 1 Tcf/yr = 2.74 Bcf/d and 1 Bcf/d = 0.36 Tcf/yr

Figure A-3. Global natural gas production by region across all scenarios. Conversion factors are as follows: 
1 Tcf/yr = 2.74 Bcf/d and 1 Bcf/d = 0.36 Tcf/yr
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Figure A-4. Global LNG exports by region across all scenarios. Conversion factors are as follows: 1 Tcf/yr = 
2.74 Bcf/d and 1 Bcf/d = 0.36 Tcf/yr

Figure A-5. Global LNG imports by region across all scenarios. Conversion factors are as follows: 1 Tcf/yr = 
2.74 Bcf/d and 1 Bcf/d = 0.36 Tcf/yr
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Figure A-6. Global primary energy consumption by fuel across all scenarios

Figure A-7. Global GHG emissions by sector across all scenarios
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B. Additional Detail on U.S. Natural Gas Markets

1. Regional Natural Gas Production

Figure B-1 and Figure B-2 plot onshore natural gas production by region for the first five scenarios and 
the net-zero scenarios, respectively, in 2025 and 2050. Offshore natural gas production comprises a 
small portion of the total (<4% in all scenarios and years) and is omitted from these figures.

Figure B-1. U.S. regional natural gas production, S1–S5

Onshore natural gas production experienced an upward trend across all scenarios by 2050, equaling or 
exceeding 39 Tcf. S3 exhibited the highest production level at 48.3 Tcf, influenced by the global demand 
for natural gas. Expansion is primarily characterized by a significant increase in production in the Gulf 
region, subsequently followed by the Southwest and the East. Conversely, S4 sees the lowest natural gas 
production with least production growth in the Gulf region (1.4 Tcf from 2025 to 2050).
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Figure B-2. U.S. regional natural gas production in S6 and S7

Similarly, onshore natural gas production grows significantly from 2025 to 2050 for both net-zero 
scenarios, rising from 37.3 Tcf in 2025 to 52.3 Tcf in S6 and 54.1 Tcf in S7, respectively, by 2050. The 
large growth in natural gas production is primarily due to demand from DAC facilities, with only a small 
increase associated with elevated LNG exports in the S7 scenario. Natural gas production rises in all 
regions, with the largest absolute increases coming from the East (6.4 Tcf in S6 and 6.2 Tcf in S7) and 
Gulf (3.8 Tcf in S6 and 5.2 Tcf in S7) regions and the largest increase by percentage coming from the 
Southwest (47% in S6 and 58% in S7).

2. Natural Gas Consumption by Economic Sector

Figure B-3 plots natural gas consumption for electric power, industry, residential use, commercial use, 
and transportation over time for S1–S5. These sector-by-sector plots sum to equal the “Natural Gas 
Consumption” subplot displayed in Figure 16.
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Figure B-4. U.S. natural gas consumption by sector, net-zero scenarios

Differences in historical natural gas consumption and subsequent short-term effects cause a difference 
in natural gas consumption for electricity in 2020 and 2025 between S6 and S7 (from FECM-NEMS) and 
S1–S5 (from AEO2023-NEMS). Similar differences in the historical data exist for all sector-specific 
consumption values. Volumes of natural gas consumed for electricity track closely between the two net-
zero scenarios across most of the modeling years, ranging 5.7–5.9 Tcf in 2035 for S6 and S7, respectively, 
and rising in later years to 6.5 Tcf and 6.6 Tcf. S6 reports a lower natural gas consumption value in 2050 
than S1 (7.6 Tcf), but the corresponding result for S7 is fairly close to S2 (6.7 Tcf).
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In conclusion, even though four out of the five sectors exhibit decreases when comparing natural gas 
consumption in S6 and S7 to S1 and S2, the strong increases in the industrial sector (mainly from 
increases in DAC) cause overall U.S. natural gas consumption to be significantly higher by 2050 in S6 and 
S7. There is minimal difference between the S6 and S7 results, suggesting that the differences in LNG 
exports between the net-zero scenarios play a limited role in altering natural gas consumptions trends.

C. CO2 Removal Technologies and Carbon Prices in FECM-NEMS

CO2 removals in FECM-NEMS are driven by three technologies: production of H2 with sequestered 
biomass, BECCS, and DAC. Figure B-6 plots CO2 removals for each technology and scenario by year.

Figure B-6. U.S. CO2 emissions and removals, S6 and S7

DAC is most widely used in both net-zero scenarios and scales up rapidly after 2030 to account for 1.93 
Gt CO2 removed in S6 and 1.85 Gt CO2 removed in S7 (89% and 87% of total removals, respectively) by 
2050. H2 production with biomass and BECCS see significantly less adoption by 2050 in both scenarios; 
the former reaches 0.20 (9% of total) and 0.24 (11% of total) Gt CO2 removed in S6 and S7, respectively, 
whereas the later reaches approximately 0.04 Gt CO2 removed in both scenarios (2% of total removals). 

Table B-1 lists specific cost and technical assumptions underlying DAC in FECM-NEMS.
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Production by OGSM District State Region
Montana Montana Rocky Mountain
Nebraska Nebraska Midwest
Nevada Nevada Rocky Mountain

New Hampshire New Hampshire Northeast
New Jersey New Jersey Northeast

New Mexico, East New Mexico Southwest
New Mexico, West New Mexico Southwest

New York New York Northeast
North Carolina North Carolina Southeast
North Dakota North Dakota Midwest

Ohio Ohio Midwest
Oklahoma Oklahoma Southwest

Oregon Oregon Pacific
Pennsylvania Pennsylvania Northeast
Rhode Island Rhode Island Northeast

South Carolina South Carolina Southeast
South Dakota South Dakota Midwest

Tennessee Tennessee Southeast
Texas RRC 1 Texas Southwest
Texas RRC 2 Texas Southwest
Texas RRC 3 Texas Southwest
Texas RRC 4 Texas Southwest
Texas RRC 5 Texas Southwest
Texas RRC 6 Texas Southwest

Texas RRC 7B Texas Southwest
Texas RRC 7C Texas Southwest
Texas RRC 8 Texas Southwest

Texas RRC 8A Texas Southwest
Texas RRC 9 Texas Southwest

Texas RRC 10 Texas Southwest
Utah Utah Rocky Mountain

Virginia Virginia Northeast
Washington Washington Pacific

West Virginia West Virginia Northeast
Wisconsin Wisconsin Midwest
Wyoming Wyoming Rocky Mountain

Alabama State Offshore Alabama Southeast
Louisiana State Offshore Louisiana Southeast

Texas State Offshore Texas Southwest
California State Offshore California Pacific

















ENERGY, ECONOMIC, AND ENVIRONMENTAL ASSESSMENT OF U.S. LNG EXPORTS 

DRAFT/DELIBERATIVE/PRE-DECISIONAL 74

These adjustments to emissions from all regions, all scenarios, and all years were applied to existing 
GCAM results (i.e., GCAM was not re-run or scenarios optimized based on these adjustments).

Using the same detailed approach, Table C-9 through Table C-11 more succinctly summarize the 
provided GCAM values and adjustments identified for the IPCC AR6 values.

Table C-9. GCAM emissions intensities for sectors (S1, 2020, USA region, AR6-20 basis)

Estimated GCAM Emissions Intensity
(Tg CO2e/EJ, g CO2e/MJ) [IPCC AR6-20]GCAM Sector

CO2 CH4 N2O
gas pipeline 1.17 - -
natural gas - 11.86 4.5 E-4
other industrial energy use (technology = gas or gas 
cogen) 2.86 - -

other industrial energy use (technology = refined liquids 
and refined liquids cogen) 0.2 - -

Total GCAM by gas (LHV) = 1.17 + 2.86 
+ .2 = 4.23 11.86 4.5 E-4

Total GCAM (LHV) 16.1
NETL (LHV basis) 13.8
Adjustment Factor (LHV) 0.86

Table C-10. GCAM emissions intensities for sectors (S1, 2020, USA region, AR5-100 basis)

Estimated GCAM Emissions Intensity
(Tg CO2e/EJ, g CO2e/MJ) [IPCC AR5-100]GCAM Sector

CO2 CH4 N2O
gas pipeline 1.17 - -
natural gas - 5.18 4.9 E-4
other industrial energy use (technology = gas or gas 
cogen) 2.86 - -

other industrial energy use (technology = refined 
liquids and refined liquids cogen) 0.2 - -

Total GCAM by gas (LHV) = 1.17 + 2.86 
+ .2 = 4.23 5.18 4.9 E-4

Total GCAM (LHV) 9.41
NETL (LHV basis) 8.84
Adjustment Factor (LHV) 0.94
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Scenario Sector Unit 2015 2020 2025 2030 2035 2040 2045 2050
CO2 LUC Gt CO2e 3.04 0.42 0.73 -3.08 -1.75 -1.79 -1.57 -1.42

Total Gt CO2e 51.6 52.64 50.06 47.78 49.1 48.51 48.31 47.75
CO2 buildings Gt CO2e 2.84 2.92 2.56 2.63 2.62 2.63 2.6 2.54
CO2 electricity Gt CO2e 12.64 13.02 12.06 12.81 13.27 13.45 13.39 13.02
CO2 industry Gt CO2e 11.75 12.98 12.68 12.65 12.14 11.66 11.32 11.04

CO2 other energy Gt CO2e 0.51 1.23 1.09 1.31 1.43 1.51 1.57 1.6
CO2 transport Gt CO2e 7.89 8.24 8.06 7.87 7.58 7.31 7.15 7.03

CH4 energy Gt CO2e 5.43 5.6 4.71 4.85 4.84 4.73 4.77 4.79
CH4 AgLanduse Gt CO2e 3.36 3.61 3.69 3.98 4.25 4.49 4.74 4.97

N2O energy Gt CO2e 0.96 0.97 0.93 0.96 0.92 0.86 0.87 0.88
N2O AgLanduse Gt CO2e 2.17 2.32 2.48 2.65 2.79 2.93 3.1 3.28

F-gases Gt CO2e 1.01 1.33 1.41 1.69 1.76 1.74 1.68 1.67
CO2 bioenergy Gt CO2e 0 0 -0.34 -0.54 -0.74 -1 -1.34 -1.69

CO2 direct air capture Gt CO2e 0 0 0 0 -0.01 -0.01 0 0
CO2 LUC Gt CO2e 3.04 0.42 0.73 -3.08 -1.72 -2.09 -1.61 -1.39

S2

Total Gt CO2e 51.6 52.64 50.06 47.78 49.13 48.21 48.24 47.74
CO2 buildings Gt CO2e 0 0 0 0 0 0.01 0.01 0.01
CO2 electricity Gt CO2e 0 0 0 0 0 -0.01 0 -0.02
CO2 industry Gt CO2e 0 0 0 0 0 0 0 -0.01

CO2 other energy Gt CO2e 0 0 0 0 0 0 0 0
CO2 transport Gt CO2e 0 0 0 0 0 0 -0.01 -0.01

CH4 energy Gt CO2e 0 0 0 0 0 0 -0.01 -0.01
CH4 AgLanduse Gt CO2e 0 0 0 0 0 0 0 0

N2O energy Gt CO2e 0 0 0 0 0 0 0 0
N2O AgLanduse Gt CO2e 0 0 0 0 0 0 0 0

F-gases Gt CO2e 0 0 0 0 0 0 0 0
CO2 bioenergy Gt CO2e 0 0 0 0 0 -0.01 -0.01 -0.01

CO2 direct air capture Gt CO2e 0 0 0 0 0 0 0 0
CO2 LUC Gt CO2e 0 0 0 0 0.03 -0.3 -0.04 0.03

S2–S1

Total Gt CO2e 0 0 0 0 0.03 -0.31 -0.06 -0.02
CO2 buildings % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CO2 electricity % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CO2 industry % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CO2 other energy % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CO2 transport % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CH4 energy % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CH4 AgLanduse % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

N2O energy % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O AgLanduse % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

F-gases % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CO2 bioenergy % 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01

CO2 direct air capture % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CO2 LUC % 0.00 0.00 0.00 0.00 -0.02 0.17 0.03 -0.02

S2–S1

Total % 0.00 0.00 0.00 0.00 -0.02 0.18 0.03 -0.02

Table D-5. Global primary energy consumption by fuel under S6 and S7 (see Figure 7) and changes in S7 
relative to S6

Scenario Fuel Units 2015 2020 2025 2030 2035 2040 2045 2050
Biomass EJ 30.06 32.44 49.56 60.69 69.95 65.82 52.85 35.59

Biomass CCS EJ 0 0 7.58 14.81 40.26 66.29 89.57 108.7
Coal EJ 165.11 177.09 159.14 161.43 133.25 103.67 70.56 44.43

Coal CCS EJ 0 0 1.7 3.45 8.16 16.42 26.45 35.07
Gas EJ 126.83 141.49 130.11 131.75 125.14 122.27 113.86 95.07

Gas CCS EJ 0 0 3.73 8.48 18.61 29.78 41.85 58.07
Nuclear EJ 9.67 10.1 11.98 13.55 16.43 21.14 27.44 34.96

Oil EJ 189 192.9 191.77 192.33 184.43 174.89 161.68 144.79
Oil CCS EJ 0 0 1.26 2.78 6.09 8.92 11.77 16.07

Other Renewables EJ 18.54 24.1 36.56 49.97 67.18 87.31 112.36 142.92

S6

Total EJ 539.21 578.12 593.39 639.24 669.5 696.51 708.39 715.67
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Scenario Fuel Units 2015 2020 2025 2030 2035 2040 2045 2050
Biomass EJ 30.06 32.44 49.56 60.69 69.95 65.82 52.71 35.54

Biomass CCS EJ 0 0 7.58 14.81 40.26 66.29 89.62 108.7
Coal EJ 165.11 177.09 159.14 161.43 133.25 103.67 70.47 44.39

Coal CCS EJ 0 0 1.7 3.45 8.16 16.42 26.44 35.03
Gas EJ 126.83 141.49 130.11 131.76 125.14 122.27 114.19 95.24

Gas CCS EJ 0 0 3.73 8.48 18.61 29.78 42.08 58.41
Nuclear EJ 9.67 10.1 11.98 13.55 16.43 21.14 27.43 34.94

Oil EJ 189 192.9 191.77 192.33 184.43 174.89 161.59 144.71
Oil CCS EJ 0 0 1.26 2.78 6.09 8.92 11.75 16.04

Other Renewables EJ 18.54 24.1 36.56 49.97 67.18 87.31 112.33 142.87

S7

Total EJ 539.21 578.12 593.39 639.25 669.5 696.51 708.61 715.87
Biomass EJ 0 0 0 0 0 0 -0.13 -0.06

Biomass CCS EJ 0 0 0 0 0 0 0.05 0
Coal EJ 0 0 0 0 0 0 -0.09 -0.04

Coal CCS EJ 0 0 0 0 0 0 -0.01 -0.05
Gas EJ 0 0 0 0 0 0 0.34 0.17

Gas CCS EJ 0 0 0 0 0 0 0.23 0.34
Nuclear EJ 0 0 0 0 0 0 -0.01 -0.03

Oil EJ 0 0 0 0 0 0 -0.1 -0.08
Oil CCS EJ 0 0 0 0 0 0 -0.01 -0.03

Other Renewables EJ 0 0 0 0 0 0 -0.03 -0.05
Total EJ 0 0 0 0 0 0 0.24 0.17

Biomass % 0 0 0 0 0 0 -0.002 -0.002
Biomass CCS % 0 0 0 0 0 0 0.001 0.000

Coal % 0 0 0 0 0 0 -0.001 -0.001
Coal CCS % 0 0 0 0 0 0 0.000 -0.001

Gas % 0 0 0 0 0 0 0.003 0.002
Gas CCS % 0 0 0 0 0 0 0.005 0.006
Nuclear % 0 0 0 0 0 0 0.000 -0.001

Oil % 0 0 0 0 0 0 -0.001 -0.001
Oil CCS % 0 0 0 0 0 0 -0.001 -0.002

Other Renewables % 0 0 0 0 0 0 0.000 0.000

S7–S6

Total % 0 0 0 0 0 0 0.000 0.000

Table D-6. GHG emissions by sector under S7 and S6 (Figure 7) and changes in S7 relative to S6

Scenario Sector Unit 2015 2020 2025 2030 2035 2040 2045 2050
CO2 buildings Gt CO2e 2.84 2.92 2.46 2.47 2.09 1.94 1.67 1.12
CO2 electricity Gt CO2e 12.64 13.02 11.54 11.81 10.02 7.56 4.53 2.16
CO2 industry Gt CO2e 11.75 12.98 12.46 12.27 10.42 8.83 7.58 6.47

CO2 other energy Gt CO2e 0.51 1.23 1.06 1.27 1.11 1.08 1.04 0.95
CO2 transport Gt CO2e 7.89 8.24 7.99 7.74 7.11 6.51 5.9 5

CH4 energy Gt CO2e 5.43 5.6 4.55 4.65 4.32 4 3.56 3.25
CH4 AgLanduse Gt CO2e 3.36 3.61 3.68 3.95 4.14 4.33 4.51 4.69

N2O energy Gt CO2e 0.96 0.97 0.9 0.92 0.82 0.74 0.66 0.59
N2O AgLanduse Gt CO2e 2.17 2.32 2.43 2.59 2.74 2.86 2.96 3.03

F-gases Gt CO2e 1.01 1.33 1.37 1.62 1.58 1.5 1.23 1.07
CO2 bioenergy Gt CO2e 0 0 -0.46 -0.9 -2.46 -4.02 -5.35 -6.81

CO2 direct air capture Gt CO2e 0 0 0 -0.04 -0.28 -0.42 -0.44 -0.47
CO2 LUC Gt CO2e 3.04 0.56 0.82 -3.26 -2.38 -2.84 -3.12 -3.92

S6

Total Gt CO2e 51.6 52.78 48.8 45.09 39.23 32.07 24.73 17.13
CO2 buildings Gt CO2e 2.84 2.92 2.46 2.47 2.09 1.94 1.68 1.12
CO2 electricity Gt CO2e 12.64 13.02 11.54 11.81 10.02 7.56 4.53 2.16
CO2 industry Gt CO2e 11.75 12.98 12.46 12.27 10.42 8.83 7.58 6.47

CO2 other energy Gt CO2e 0.51 1.23 1.06 1.27 1.11 1.08 1.04 0.95
CO2 transport Gt CO2e 7.89 8.24 7.99 7.74 7.11 6.51 5.9 5

CH4 energy Gt CO2e 5.43 5.6 4.55 4.65 4.32 4 3.56 3.24
CH4 AgLanduse Gt CO2e 3.36 3.61 3.68 3.95 4.14 4.33 4.51 4.69

N2O energy Gt CO2e 0.96 0.97 0.9 0.92 0.82 0.74 0.66 0.59
N2O AgLanduse Gt CO2e 2.17 2.32 2.43 2.59 2.74 2.86 2.96 3.03

S7

F-gases Gt CO2e 1.01 1.33 1.37 1.62 1.58 1.5 1.23 1.07
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Scenario Region Unit NG Volumes 2020 2025 2030 2035 2040 2045 2050
ROW Bcf/d Consumption 42.29 39.95 42.56 42.59 44 46.65 45.95

Australia + NZ Bcf/d Consumption 0.79 0.33 0.49 0.34 0.44 0.64 0.92
LAC Bcf/d Consumption 17.55 16.52 19.24 20.64 22.58 23.78 25.2

Africa Bcf/d Consumption 14.45 14.23 16.98 20.22 25.07 32.01 38.94
C Asia + East Eur Bcf/d Consumption 28.94 30.46 32.45 32.35 32.44 30.57 28.27

Russia Bcf/d Consumption 45.82 36.03 39.59 39.92 39.43 36.09 33.12
China Bcf/d Consumption 27.43 41.73 46.57 52.25 59.32 66.39 65.02
India Bcf/d Consumption 7.96 11.56 16.4 21.55 27.64 34.86 40.59

Middle East Bcf/d Consumption 46.41 45.15 47.15 46.26 46.8 47.06 45.5
EU Bcf/d Consumption 48.18 35 28.79 24.88 26.86 30.04 28.53

Mexico Bcf/d Consumption 8.28 8.19 9.5 9.81 9.99 10.28 10.84
Canada Bcf/d Consumption 11.44 8.25 8.26 6.72 5.99 5.54 5

USA Bcf/d Consumption 80.45 75.28 76.47 76.36 79.45 77.73 75.42

S7

Bcf/d Total 380 362.69 384.44 393.88 420.01 441.64 443.29
ROW Bcf/d Production 41.02 37.63 40.92 41.75 42.28 43.38 43.46

Australia + NZ Bcf/d Production 12.71 12.21 12.09 10.84 9.16 7.08 5.31
LAC Bcf/d Production 15.44 13.65 15.64 16.05 16.86 17.9 19.08

Africa Bcf/d Production 23.83 24.62 27.17 29.58 33.29 38.2 42.33
C Asia + East Eur Bcf/d Production 17.31 17.51 18.71 18.64 19.21 19.55 19.79

Russia Bcf/d Production 70.26 59.65 62.68 61.92 64.03 65.28 61.94
China Bcf/d Production 16.74 19.7 22.17 23.72 25.2 26.33 24.8
India Bcf/d Production 4.02 4.75 7.01 9.46 12.66 17 20.74

Middle East Bcf/d Production 59.39 57.77 59.86 59.95 61.7 63.69 63.1
EU Bcf/d Production 13.69 9.87 8.52 7.91 9.03 13.03 14.42

Mexico Bcf/d Production 3.21 2.39 3.14 3.2 3.3 3.52 3.96
Canada Bcf/d Production 15.11 14.11 14.29 13.94 14.97 15.66 15.04

USA Bcf/d Production 87.26 88.83 92.25 96.9 108.31 109.49 107.95

S6

 Bcf/d Total 379.99 362.69 384.45 393.86 420 440.11 441.92
ROW Bcf/d Production 41.02 37.63 40.92 41.75 42.28 43.14 43

Australia + NZ Bcf/d Production 12.71 12.21 12.09 10.84 9.16 7.05 5.21
LAC Bcf/d Production 15.44 13.65 15.64 16.05 16.86 17.71 18.72

Africa Bcf/d Production 23.83 24.62 27.17 29.58 33.29 37.81 41.66
C Asia + East Eur Bcf/d Production 17.31 17.51 18.71 18.64 19.21 19.4 19.44

Russia Bcf/d Production 70.26 59.65 62.68 61.92 64.03 64.96 61.24
China Bcf/d Production 16.74 19.7 22.17 23.72 25.2 26.3 24.74
India Bcf/d Production 4.02 4.75 7.01 9.46 12.66 16.8 20.38

Middle East Bcf/d Production 59.39 57.77 59.86 59.95 61.7 63.27 62.29
EU Bcf/d Production 13.69 9.87 8.52 7.91 9.03 12.87 13.99

Mexico Bcf/d Production 3.21 2.39 3.14 3.2 3.3 3.5 3.93
Canada Bcf/d Production 15.11 14.11 14.29 13.94 14.97 15.55 14.81

USA Bcf/d Production 87.26 88.83 92.25 96.9 108.31 113.29 113.87

S7

Bcf/d Total 379.99 362.69 384.45 393.86 420 441.65 443.28
ROW Bcf/d LNG exports 10.56 11.06 13.52 15.16 15.5 16.15 16.3

Australia + NZ Bcf/d LNG exports 11.93 11.88 11.61 10.51 8.72 6.46 4.55
LAC Bcf/d LNG exports 1.83 2.17 2.46 3.06 4.03 5.2 5.93

Africa Bcf/d LNG exports 9.09 10.61 11.28 11.59 12.1 12.3 11.73
C Asia + East Eur Bcf/d LNG exports 0.06 0.16 0.33 0.81 1.94 3.6 5.03

Russia Bcf/d LNG exports 3.05 3.81 3.89 3.56 3.09 2.72 2.5
China Bcf/d LNG exports 0 0 0 0.02 0.04 0.07 0.09
India Bcf/d LNG exports 0.01 0.01 0.04 0.07 0.15 0.27 0.37

Middle East Bcf/d LNG exports 13.4 13.05 13.27 14.4 16.11 18.04 19.03
EU Bcf/d LNG exports 0.37 0.47 0.61 0.75 1.29 2.21 3.07

Mexico Bcf/d LNG exports 0 0 0.01 0.02 0.07 0.14 0.22
Canada Bcf/d LNG exports 0.01 2.01 2.42 4.08 6.85 9.01 9.49

USA Bcf/d LNG exports 7.03 13.33 14.75 18.68 25.79 27.33 27.33

S6

 Bcf/d Total 57.34 68.56 74.19 82.71 95.68 103.5 105.64
ROW Bcf/d LNG exports 10.56 11.06 13.52 15.16 15.5 15.97 15.92

Australia + NZ Bcf/d LNG exports 11.93 11.88 11.61 10.51 8.72 6.42 4.46
LAC Bcf/d LNG exports 1.83 2.17 2.46 3.06 4.03 5.1 5.73

Africa Bcf/d LNG exports 9.09 10.61 11.28 11.59 12.1 12.14 11.4
C Asia + East Eur Bcf/d LNG exports 0.06 0.16 0.33 0.81 1.94 3.49 4.73

S7

Russia Bcf/d LNG exports 3.05 3.81 3.89 3.56 3.09 2.68 2.4
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Scenario Region Unit NG Volumes 2020 2025 2030 2035 2040 2045 2050
China Bcf/d LNG exports 0 0 0 0.02 0.04 0.07 0.09
India Bcf/d LNG exports 0.01 0.01 0.04 0.07 0.15 0.26 0.34

Middle East Bcf/d LNG exports 13.4 13.05 13.27 14.4 16.11 17.77 18.37
EU Bcf/d LNG exports 0.37 0.47 0.61 0.75 1.29 2.14 2.87

Mexico Bcf/d LNG exports 0 0 0.01 0.02 0.07 0.14 0.2
Canada Bcf/d LNG exports 0.01 2.01 2.42 4.08 6.85 8.89 9.25

USA Bcf/d LNG exports 7.03 13.33 14.75 18.68 25.79 31.37 33.59
Bcf/d Total 57.34 68.56 74.19 82.71 95.68 106.44 109.35

ROW Bcf/d LNG imports 20.88 19.92 20.38 20.28 20.94 20.86 18.94
Australia + NZ Bcf/d LNG imports 0.01 0 0 0 0 0.01 0.15

LAC Bcf/d LNG imports 3.94 5.05 6.06 7.64 9.75 10.85 11.76
Africa Bcf/d LNG imports 0.97 1.17 1.83 2.84 4.4 6.26 8.21

C Asia + East Eur Bcf/d LNG imports 6.4 8.07 8.92 9.85 10.96 10.75 10.25
Russia Bcf/d LNG imports 0.82 0.68 0.81 1.82 3 3.33 3.37
China Bcf/d LNG imports 6.98 16.04 17.19 18.43 19.58 19.91 19.61
India Bcf/d LNG imports 3.94 6.83 9.43 12.16 15.13 17.89 19.95

Middle East Bcf/d LNG imports 0.43 0.43 0.54 0.7 1.18 1.36 1.38
EU Bcf/d LNG imports 11.32 8.65 7.28 7.37 9.19 10.77 10.46

Mexico Bcf/d LNG imports 1.15 1.35 1.4 1.36 1.31 1.27 1.31
Canada Bcf/d LNG imports 0.21 0.15 0.15 0.12 0.13 0.17 0.19

USA Bcf/d LNG imports 0.26 0.24 0.18 0.14 0.12 0.08 0.08

S6

 Bcf/d Total 57.31 68.58 74.17 82.71 95.69 103.51 105.66
ROW Bcf/d LNG imports 20.88 19.92 20.38 20.28 20.94 21.37 19.55

Australia + NZ Bcf/d LNG imports 0.01 0 0 0 0 0.01 0.17
LAC Bcf/d LNG imports 3.94 5.05 6.06 7.64 9.75 11.18 12.21

Africa Bcf/d LNG imports 0.97 1.17 1.83 2.84 4.4 6.59 8.74
C Asia + East Eur Bcf/d LNG imports 6.4 8.07 8.92 9.85 10.96 10.92 10.44

Russia Bcf/d LNG imports 0.82 0.68 0.81 1.82 3 3.45 3.51
China Bcf/d LNG imports 6.98 16.04 17.19 18.43 19.58 20.23 19.95
India Bcf/d LNG imports 3.94 6.83 9.43 12.16 15.13 18.31 20.55

Middle East Bcf/d LNG imports 0.43 0.43 0.54 0.7 1.18 1.52 1.54
EU Bcf/d LNG imports 11.32 8.65 7.28 7.37 9.19 11.26 11.01

Mexico Bcf/d LNG imports 1.15 1.35 1.4 1.36 1.31 1.31 1.36
Canada Bcf/d LNG imports 0.21 0.15 0.15 0.12 0.13 0.19 0.22

USA Bcf/d LNG imports 0.26 0.24 0.18 0.14 0.12 0.1 0.09

S7

Bcf/d Total 57.31 68.58 74.17 82.71 95.69 106.44 109.34
ROW Bcf/d Pipeline exports 10.05 7.37 6.09 5.05 4.42 2.64 1.55

Australia + NZ Bcf/d Pipeline exports 0 0 0 0 0 0 0
LAC Bcf/d Pipeline exports 2.11 1.81 1.81 1.53 1.2 0.97 0.92

Africa Bcf/d Pipeline exports 1.42 1.11 1.11 1.44 2.31 3.73 5.77
C Asia + East Eur Bcf/d Pipeline exports 0.07 0.05 0.04 0.03 0.03 0.01 0.01

Russia Bcf/d Pipeline exports 23.46 21.46 21.08 21.63 26.42 32.12 32.15
China Bcf/d Pipeline exports 0 0 0 0 0 0 0
India Bcf/d Pipeline exports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline exports 0.03 0.02 0.02 0.03 0.05 0.08 0.12
EU Bcf/d Pipeline exports 2.21 1.58 1.26 1.03 0.89 0.46 0.23

Mexico Bcf/d Pipeline exports 0.01 0 0.01 0.03 0.08 0.17 0.29
Canada Bcf/d Pipeline exports 6.23 5.73 5.48 4.68 3.66 2.79 2.23

USA Bcf/d Pipeline exports 8.53 8.53 8.53 8.53 8.53 8.53 8.53

S6

 Bcf/d Total 54.12 47.66 45.43 43.98 47.59 51.5 51.8
ROW Bcf/d Pipeline exports 10.05 7.37 6.09 5.05 4.42 2.62 1.53

Australia + NZ Bcf/d Pipeline exports 0 0 0 0 0 0 0
LAC Bcf/d Pipeline exports 2.11 1.81 1.81 1.53 1.2 0.95 0.88

Africa Bcf/d Pipeline exports 1.42 1.11 1.11 1.44 2.31 3.62 5.58
C Asia + East Eur Bcf/d Pipeline exports 0.07 0.05 0.04 0.03 0.03 0.01 0.01

Russia Bcf/d Pipeline exports 23.46 21.46 21.08 21.63 26.42 31.88 31.62
China Bcf/d Pipeline exports 0 0 0 0 0 0 0
India Bcf/d Pipeline exports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline exports 0.03 0.02 0.02 0.03 0.05 0.07 0.12
EU Bcf/d Pipeline exports 2.21 1.58 1.26 1.03 0.89 0.46 0.23

Mexico Bcf/d Pipeline exports 0.01 0 0.01 0.03 0.08 0.17 0.28

S7

Canada Bcf/d Pipeline exports 6.23 5.73 5.48 4.68 3.66 2.79 2.23
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USA Bcf/d Pipeline exports 8.53 8.53 8.53 8.53 8.53 8.53 8.53

Bcf/d Total 54.12 47.66 45.43 43.98 47.59 51.1 51.01
ROW Bcf/d Pipeline imports 1 0.82 0.86 0.77 0.7 0.74 0.88

Australia + NZ Bcf/d Pipeline imports 0 0 0 0 0 0 0
LAC Bcf/d Pipeline imports 2.11 1.81 1.81 1.53 1.2 0.97 0.92

Africa Bcf/d Pipeline imports 0.15 0.16 0.37 0.84 1.8 3.48 5.73
C Asia + East Eur Bcf/d Pipeline imports 5.37 5.09 5.19 4.7 4.24 3.82 3.2

Russia Bcf/d Pipeline imports 1.25 0.97 1.08 1.36 1.9 2.3 2.44
China Bcf/d Pipeline imports 3.7 5.99 7.21 10.12 14.58 20.04 20.62
India Bcf/d Pipeline imports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline imports 0.02 0.03 0.03 0.04 0.08 0.14 0.18
EU Bcf/d Pipeline imports 25.74 18.52 14.86 11.38 10.82 8.52 6.8

Mexico Bcf/d Pipeline imports 3.93 4.45 4.98 5.29 5.53 5.81 6.08
Canada Bcf/d Pipeline imports 2.35 1.73 1.72 1.42 1.4 1.5 1.47

USA Bcf/d Pipeline imports 8.48 8.07 7.32 6.52 5.34 4.19 3.51

S6

 Bcf/d Total 54.1 47.64 45.43 43.97 47.59 51.51 51.83
ROW Bcf/d Pipeline imports 1 0.82 0.86 0.77 0.7 0.73 0.85

Australia + NZ Bcf/d Pipeline imports 0 0 0 0 0 0 0
LAC Bcf/d Pipeline imports 2.11 1.81 1.81 1.53 1.2 0.95 0.88

Africa Bcf/d Pipeline imports 0.15 0.16 0.37 0.84 1.8 3.38 5.53
C Asia + East Eur Bcf/d Pipeline imports 5.37 5.09 5.19 4.7 4.24 3.76 3.13

Russia Bcf/d Pipeline imports 1.25 0.97 1.08 1.36 1.9 2.25 2.38
China Bcf/d Pipeline imports 3.7 5.99 7.21 10.12 14.58 19.92 20.41
India Bcf/d Pipeline imports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline imports 0.02 0.03 0.03 0.04 0.08 0.13 0.16
EU Bcf/d Pipeline imports 25.74 18.52 14.86 11.38 10.82 8.51 6.62

Mexico Bcf/d Pipeline imports 3.93 4.45 4.98 5.29 5.53 5.77 6.03
Canada Bcf/d Pipeline imports 2.35 1.73 1.72 1.42 1.4 1.48 1.44

USA Bcf/d Pipeline imports 8.48 8.07 7.32 6.52 5.34 4.24 3.57

S7

Bcf/d Total 54.1 47.64 45.43 43.97 47.59 51.12 51
ROW Bcf/d Consumption 0 0 0 0 0 0.45 0.52

Australia + NZ Bcf/d Consumption 0 0 0 0 0 0.01 0.01
LAC Bcf/d Consumption 0 0 0 0 0 0.23 0.29

Africa Bcf/d Consumption 0 0 0 0 0 0.1 0.18
C Asia + East Eur Bcf/d Consumption 0 0 0 0 0 0.07 0.07

Russia Bcf/d Consumption 0 0 0 0 0 0.02 0.01
China Bcf/d Consumption 0 0 0 0 0 0.18 0.09
India Bcf/d Consumption 0 0 0 0 0 0.23 0.27

Middle East Bcf/d Consumption 0 0 0 0 0 -0.01 -0.01
EU Bcf/d Consumption 0 0 0 0 0 0.39 0.15

Mexico Bcf/d Consumption 0 0 0 0 0 0 0.01
Canada Bcf/d Consumption 0 0 0 0 0 0.01 0.01

USA Bcf/d Consumption 0 0 0 0 0 -0.17 -0.25
 Bcf/d Total 0 0 0 0 0 1.53 1.37

ROW Bcf/d Production 0 0 0 0 0 -0.24 -0.47
Australia + NZ Bcf/d Production 0 0 0 0 0 -0.03 -0.1

LAC Bcf/d Production 0 0 0 0 0 -0.19 -0.36
Africa Bcf/d Production 0 0 0 0 0 -0.39 -0.67

C Asia + East Eur Bcf/d Production 0 0 0 0 0 -0.15 -0.35
Russia Bcf/d Production 0 0 0 0 0 -0.32 -0.7
China Bcf/d Production 0 0 0 0 0 -0.03 -0.05
India Bcf/d Production 0 0 0 0 0 -0.2 -0.35

Middle East Bcf/d Production 0 0 0 0 0 -0.42 -0.81
EU Bcf/d Production 0 0 0 0 0 -0.16 -0.43

Mexico Bcf/d Production 0 0 0 0 0 -0.01 -0.03
Canada Bcf/d Production 0 0 0 0 0 -0.12 -0.23

USA Bcf/d Production 0 0 0 0 0 3.79 5.92
Bcf/d Total 0 0 0 0 0 1.53 1.37

ROW Bcf/d LNG exports 0 0 0 0 0 -0.18 -0.39
Australia + NZ Bcf/d LNG exports 0 0 0 0 0 -0.04 -0.1

LAC Bcf/d LNG exports 0 0 0 0 0 -0.09 -0.21

S7–S6

Africa Bcf/d LNG exports 0 0 0 0 0 -0.16 -0.33
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C Asia + East Eur Bcf/d LNG exports 0 0 0 0 0 -0.11 -0.3

Russia Bcf/d LNG exports 0 0 0 0 0 -0.04 -0.1
China Bcf/d LNG exports 0 0 0 0 0 0 -0.01
India Bcf/d LNG exports 0 0 0 0 0 -0.01 -0.02

Middle East Bcf/d LNG exports 0 0 0 0 0 -0.27 -0.65
EU Bcf/d LNG exports 0 0 0 0 0 -0.07 -0.19

Mexico Bcf/d LNG exports 0 0 0 0 0 -0.01 -0.02
Canada Bcf/d LNG exports 0 0 0 0 0 -0.13 -0.25

USA Bcf/d LNG exports 0 0 0 0 0 4.03 6.25
 Bcf/d Total 0 0 0 0 0 2.92 3.69

ROW Bcf/d LNG imports 0 0 0 0 0 0.51 0.61
Australia + NZ Bcf/d LNG imports 0 0 0 0 0 0 0.02

LAC Bcf/d LNG imports 0 0 0 0 0 0.33 0.45
Africa Bcf/d LNG imports 0 0 0 0 0 0.33 0.53

C Asia + East Eur Bcf/d LNG imports 0 0 0 0 0 0.18 0.18
Russia Bcf/d LNG imports 0 0 0 0 0 0.12 0.14
China Bcf/d LNG imports 0 0 0 0 0 0.32 0.34
India Bcf/d LNG imports 0 0 0 0 0 0.42 0.6

Middle East Bcf/d LNG imports 0 0 0 0 0 0.16 0.16
EU Bcf/d LNG imports 0 0 0 0 0 0.5 0.56

Mexico Bcf/d LNG imports 0 0 0 0 0 0.04 0.06
Canada Bcf/d LNG imports 0 0 0 0 0 0.02 0.03

USA Bcf/d LNG imports 0 0 0 0 0 0.02 0.01
Bcf/d Total 0 0 0 0 0 2.92 3.69

ROW Bcf/d Pipeline exports 0 0 0 0 0 -0.02 -0.02
Australia + NZ Bcf/d Pipeline exports 0 0 0 0 0 0 0

LAC Bcf/d Pipeline exports 0 0 0 0 0 -0.02 -0.04
Africa Bcf/d Pipeline exports 0 0 0 0 0 -0.11 -0.19

C Asia + East Eur Bcf/d Pipeline exports 0 0 0 0 0 0 0
Russia Bcf/d Pipeline exports 0 0 0 0 0 -0.24 -0.53
China Bcf/d Pipeline exports 0 0 0 0 0 0 0
India Bcf/d Pipeline exports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline exports 0 0 0 0 0 0 -0.01
EU Bcf/d Pipeline exports 0 0 0 0 0 0 0

Mexico Bcf/d Pipeline exports 0 0 0 0 0 0 -0.01
Canada Bcf/d Pipeline exports 0 0 0 0 0 0 0

USA Bcf/d Pipeline exports 0 0 0 0 0 0 0
 Bcf/d Total 0 0 0 0 0 -0.38 -0.8

ROW Bcf/d Pipeline imports 0 0 0 0 0 -0.01 -0.03
Australia + NZ Bcf/d Pipeline imports 0 0 0 0 0 0 0

LAC Bcf/d Pipeline imports 0 0 0 0 0 -0.02 -0.04
Africa Bcf/d Pipeline imports 0 0 0 0 0 -0.11 -0.19

C Asia + East Eur Bcf/d Pipeline imports 0 0 0 0 0 -0.06 -0.07
Russia Bcf/d Pipeline imports 0 0 0 0 0 -0.05 -0.07
China Bcf/d Pipeline imports 0 0 0 0 0 -0.12 -0.21
India Bcf/d Pipeline imports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline imports 0 0 0 0 0 -0.01 -0.01
EU Bcf/d Pipeline imports 0 0 0 0 0 -0.01 -0.18

Mexico Bcf/d Pipeline imports 0 0 0 0 0 -0.03 -0.04
Canada Bcf/d Pipeline imports 0 0 0 0 0 -0.02 -0.03

USA Bcf/d Pipeline imports 0 0 0 0 0 0.06 0.07
Bcf/d Total 0 0 0 0 0 -0.38 -0.8

ROW % Consumption 0 0 0 0 0 0.98 1.14
Australia + NZ % Consumption 0 0 0 0 0 1.77 1.61

LAC % Consumption 0 0 0 0 0 0.99 1.18
Africa % Consumption 0 0 0 0 0 0.31 0.47

C Asia + East Eur % Consumption 0 0 0 0 0 0.24 0.24
Russia % Consumption 0 0 0 0 0 0.05 0.05
China % Consumption 0 0 0 0 0 0.27 0.14
India % Consumption 0 0 0 0 0 0.67 0.68

Middle East % Consumption 0 0 0 0 0 -0.01 -0.01
EU % Consumption 0 0 0 0 0 1.33 0.52
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Mexico % Consumption 0 0 0 0 0 0 0.08
Canada % Consumption 0 0 0 0 0 0.18 0.28

USA % Consumption 0 0 0 0 0 -0.22 -0.33
 % Total 0 0 0 0 0 6.58 6.03

ROW % Production 0 0 0 0 0 -0.55 -1.08
Australia + NZ % Production 0 0 0 0 0 -0.43 -1.88

LAC % Production 0 0 0 0 0 -1.06 -1.89
Africa % Production 0 0 0 0 0 -1.02 -1.58

C Asia + East Eur % Production 0 0 0 0 0 -0.79 -1.79
Russia % Production 0 0 0 0 0 -0.49 -1.13
China % Production 0 0 0 0 0 -0.12 -0.21
India % Production 0 0 0 0 0 -1.15 -1.7

Middle East % Production 0 0 0 0 0 -0.66 -1.29
EU % Production 0 0 0 0 0 -1.26 -2.96

Mexico % Production 0 0 0 0 0 -0.32 -0.69
Canada % Production 0 0 0 0 0 -0.75 -1.54

USA % Production 0 0 0 0 0 3.47 5.48
% Total 0 0 0 0 0 -5.14 -12.24

ROW % LNG exports 0 0 0 0 0 -1.14 -2.37
Australia + NZ % LNG exports 0 0 0 0 0 -0.65 -2.12

LAC % LNG exports 0 0 0 0 0 -1.81 -3.52
Africa % LNG exports 0 0 0 0 0 -1.32 -2.8

C Asia + East Eur % LNG exports 0 0 0 0 0 -3.04 -5.99
Russia % LNG exports 0 0 0 0 0 -1.38 -4.11
China % LNG exports 0 0 0 0 0 -6.48 -8.66
India % LNG exports 0 0 0 0 0 -3.69 -6.53

Middle East % LNG exports 0 0 0 0 0 -1.49 -3.43
EU % LNG exports 0 0 0 0 0 -3.01 -6.22

Mexico % LNG exports 0 0 0 0 0 -4.8 -7.91
Canada % LNG exports 0 0 0 0 0 -1.41 -2.6

USA % LNG exports 0 0 0 0 0 14.76 22.87
 % Total 0 0 0 0 0 -15.45 -33.37

ROW % LNG imports 0 0 0 0 0 2.42 3.2
Australia + NZ % LNG imports 0 0 0 0 0 2.49 11.73

LAC % LNG imports 0 0 0 0 0 3.04 3.79
Africa % LNG imports 0 0 0 0 0 5.19 6.42

C Asia + East Eur % LNG imports 0 0 0 0 0 1.65 1.8
Russia % LNG imports 0 0 0 0 0 3.48 4.22
China % LNG imports 0 0 0 0 0 1.61 1.74
India % LNG imports 0 0 0 0 0 2.34 3.03

Middle East % LNG imports 0 0 0 0 0 11.5 11.86
EU % LNG imports 0 0 0 0 0 4.61 5.33

Mexico % LNG imports 0 0 0 0 0 2.8 4.39
Canada % LNG imports 0 0 0 0 0 14.16 15.65

USA % LNG imports 0 0 0 0 0 20.21 17.02
% Total 0 0 0 0 0 75.51 90.16

ROW % Pipeline exports 0 0 0 0 0 -0.65 -1.58
Australia + NZ % Pipeline exports 0 0 0 0 0 -0.61 -2.03

LAC % Pipeline exports 0 0 0 0 0 -2 -3.93
Africa % Pipeline exports 0 0 0 0 0 -2.85 -3.32

C Asia + East Eur % Pipeline exports 0 0 0 0 0 0.56 0.6
Russia % Pipeline exports 0 0 0 0 0 -0.73 -1.66
China % Pipeline exports 0 0 0 0 0 -7.94 -9.38
India % Pipeline exports 0 0 0 0 0 -7.94 -9.28

Middle East % Pipeline exports 0 0 0 0 0 -3.24 -4.39
EU % Pipeline exports 0 0 0 0 0 -0.66 -1.62

Mexico % Pipeline exports 0 0 0 0 0 -1.05 -1.83
Canada % Pipeline exports 0 0 0 0 0 0.06 0.1

USA % Pipeline exports 0 0 0 0 0 0 0
 % Total 0 0 0 0 0 -27.06 -38.34

ROW % Pipeline imports 0 0 0 0 0 -1.75 -3.55
Australia + NZ % Pipeline imports 0 0 0 0 0 1.73 -7.8
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LAC % Pipeline imports 0 0 0 0 0 -2 -3.93

Africa % Pipeline imports 0 0 0 0 0 -3.05 -3.4
C Asia + East Eur % Pipeline imports 0 0 0 0 0 -1.52 -2.07

Russia % Pipeline imports 0 0 0 0 0 -2.22 -2.76
China % Pipeline imports 0 0 0 0 0 -0.58 -1.01
India % Pipeline imports 0 0 0 0 0 -2.08 -3.14

Middle East % Pipeline imports 0 0 0 0 0 -8.29 -8.39
EU % Pipeline imports 0 0 0 0 0 -0.09 -2.62

Mexico % Pipeline imports 0 0 0 0 0 -0.57 -0.73
Canada % Pipeline imports 0 0 0 0 0 -1.48 -1.91

USA % Pipeline imports 0 0 0 0 0 1.32 1.98
 % Total 0 0 0 0 0 -20.58 -39.33

Table D-11. Changes in natural gas consumption, production, and trade by region: S6 vs. S1 and S7 vs. S2 
(see Figure 11)

Scenario Region Unit NG Volumes 2020 2025 2030 2035 2040 2045 2050
LAC Bcf/d Consumption 0 0.04 -0.53 -2.78 -4.14 -6.58 -8.15

Africa Bcf/d Consumption 0 0.02 -0.11 -1.23 -1.71 -1.57 -2.68
C Asia + East Eur Bcf/d Consumption -0.01 0.06 -0.11 -3.41 -6.58 -11.55 -16.18

Russia Bcf/d Consumption 0 0.05 -0.03 -0.02 -0.49 -3.83 -6.71
China Bcf/d Consumption 0 0.32 -1.21 -3.09 -2.44 -2.53 -9.03
India Bcf/d Consumption 0 -0.33 -0.79 -1.33 -0.71 -0.01 -0.81

Middle East Bcf/d Consumption -0.12 -0.89 -0.43 -5.48 -10.13 -16.09 -22.4
EU Bcf/d Consumption 0 -0.83 -4.67 -5.11 -1.97 -3.06 -8.08

Mexico Bcf/d Consumption 0 0.13 0.14 -0.89 -2.09 -3.12 -3.91
Canada Bcf/d Consumption 0 0.27 -0.04 -1.17 -1.47 -1.29 -1

USA Bcf/d Consumption 0.02 -7.2 -11.46 -13.94 -15.94 -28.82 -43.33
Bcf/d Total -0.11 -8.76 -22.07 -44.84 -54.69 -86.34 -132.96

ROW Bcf/d Production 0 -0.3 -2.2 -4 -4.31 -4.49 -5.2
Australia + NZ Bcf/d Production 0 0 -0.02 -0.25 -0.45 -0.74 -1.28

LAC Bcf/d Production 0 -0.11 -0.24 -1.79 -3.08 -4.81 -6.34
Africa Bcf/d Production 0 -0.05 -0.43 -1.92 -3.31 -4.26 -6.06

C Asia + East Eur Bcf/d Production 0 -0.05 -0.04 -1.92 -4.17 -7.18 -10.34
Russia Bcf/d Production 0 -0.17 -0.33 -1.65 -3.79 -8.88 -18.18
China Bcf/d Production 0 -0.12 -0.33 -1.16 -1.16 -1.27 -3.46
India Bcf/d Production 0 -0.16 -0.12 -0.44 -0.71 -0.64 -1.53

Middle East Bcf/d Production -0.12 -0.83 -1.09 -6.45 -11.3 -17.55 -24.84
EU Bcf/d Production 0 -0.18 -1.67 -1.91 -1.19 -2.78 -6.44

Mexico Bcf/d Production 0 -0.16 -0.21 -0.71 -1.18 -1.84 -2.5
Canada Bcf/d Production 0 0.06 -0.3 -1.3 -1.89 -2.57 -3.08

USA Bcf/d Production 0.01 -6.68 -15.09 -21.35 -18.15 -29.33 -43.7
Bcf/d Total -0.12 -8.76 -22.06 -44.86 -54.69 -86.34 -132.96

ROW Bcf/d LNG exports 0 -0.05 -0.3 -0.41 -0.93 -1.87 -2.85
Australia + NZ Bcf/d LNG exports 0 -0.02 -0.08 -0.21 -0.39 -0.61 -1.11

LAC Bcf/d LNG exports 0 -0.03 -0.21 -0.45 -0.68 -1.07 -1.68
Africa Bcf/d LNG exports 0 -0.04 -0.3 -0.87 -1.5 -2.47 -3.55

C Asia + East Eur Bcf/d LNG exports 0 -0.01 -0.09 -0.26 -0.58 -1.28 -2.48
Russia Bcf/d LNG exports 0 -0.01 -0.01 -0.11 -0.25 -0.53 -0.97
China Bcf/d LNG exports 0 0 -0.01 0 -0.02 -0.04 -0.06
India Bcf/d LNG exports 0 0 0 -0.02 -0.05 -0.14 -0.27

Middle East Bcf/d LNG exports 0 0 -0.73 -1.35 -1.6 -2.4 -3.88
EU Bcf/d LNG exports 0 0.01 -0.02 -0.12 -0.39 -0.96 -1.43

Mexico Bcf/d LNG exports 0 0 0 -0.01 -0.02 -0.06 -0.12
Canada Bcf/d LNG exports 0 0 -0.23 -0.31 -0.53 -1.04 -1.66

USA Bcf/d LNG exports 0 0 -4.1 -7.3 -1.54 0 0
Bcf/d Total 0 -0.16 -6.08 -11.42 -8.47 -12.48 -20.07

ROW Bcf/d LNG imports 0 -0.34 -1.9 -3.61 -3.66 -5.09 -8.01
Australia + NZ Bcf/d LNG imports 0 0 0 0 0 0 -0.03

LAC Bcf/d LNG imports 0 0.13 -0.5 -1.45 -1.74 -2.84 -3.48

S6–S1

Africa Bcf/d LNG imports 0 0.01 -0.12 -0.3 0.08 0.18 -0.23
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C Asia + East Eur Bcf/d LNG imports 0 0.1 -0.23 -1.3 -1.59 -2.86 -3.94

Russia Bcf/d LNG imports 0 0 0 0 0.38 0.2 0.04
China Bcf/d LNG imports 0 0.38 -0.56 -0.91 -0.1 0.06 -0.27
India Bcf/d LNG imports -0.01 -0.17 -0.67 -0.92 -0.05 0.5 0.45

Middle East Bcf/d LNG imports 0 -0.05 -0.09 -0.37 -0.36 -0.77 -1.14
EU Bcf/d LNG imports 0 -0.21 -1.93 -2.28 -1.05 -1.24 -2.72

Mexico Bcf/d LNG imports 0 0.01 -0.04 -0.21 -0.33 -0.5 -0.64
Canada Bcf/d LNG imports 0 0 0 -0.02 -0.06 -0.08 -0.07

USA Bcf/d LNG imports 0 -0.02 -0.05 -0.04 0.02 -0.02 -0.02
Bcf/d Total -0.03 -0.14 -6.1 -11.42 -8.46 -12.47 -20.05

ROW Bcf/d Pipeline exports 0 -0.14 -0.96 -1 -0.2 -0.03 0.03
Australia + NZ Bcf/d Pipeline exports 0 0 0 0 0 0 0

LAC Bcf/d Pipeline exports 0 -0.01 0.02 -0.07 -0.16 -0.25 -0.31
Africa Bcf/d Pipeline exports 0 -0.02 -0.12 -0.14 -0.04 0.35 0.97

C Asia + East Eur Bcf/d Pipeline exports 0 0 -0.01 -0.01 0 0 0
Russia Bcf/d Pipeline exports 0 -0.21 -0.29 -1.52 -2.88 -5 -11.63
China Bcf/d Pipeline exports 0 0 0 0 0 0 0
India Bcf/d Pipeline exports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline exports 0 0 -0.01 0 0.01 0.02 0.03
EU Bcf/d Pipeline exports 0 -0.03 -0.23 -0.22 -0.03 -0.03 -0.04

Mexico Bcf/d Pipeline exports 0 0 0 -0.02 -0.07 -0.18 -0.27
Canada Bcf/d Pipeline exports 0 -0.14 -0.03 -0.08 -0.31 -0.51 -0.58

USA Bcf/d Pipeline exports 0 0 0 0 0.01 0 0
Bcf/d Total 0.01 -0.55 -1.63 -3.06 -3.67 -5.64 -11.79

ROW Bcf/d Pipeline imports 0 -0.01 -0.05 -0.11 -0.1 -0.06 -0.1
Australia + NZ Bcf/d Pipeline imports 0 0 0 0 0 0 0

LAC Bcf/d Pipeline imports 0 -0.01 0.02 -0.07 -0.16 -0.25 -0.31
Africa Bcf/d Pipeline imports 0 0 0.02 0 -0.01 0.37 1.05

C Asia + East Eur Bcf/d Pipeline imports 0 0 0.06 -0.47 -1.4 -2.79 -4.39
Russia Bcf/d Pipeline imports 0 0 0 -0.01 -0.22 -0.7 -1.18
China Bcf/d Pipeline imports 0 0.06 -0.33 -1.02 -1.2 -1.36 -5.35
India Bcf/d Pipeline imports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline imports 0 0 0 -0.02 -0.06 -0.15 -0.27
EU Bcf/d Pipeline imports 0 -0.47 -1.32 -1.27 -0.14 -0.02 -0.38

Mexico Bcf/d Pipeline imports 0 0.27 0.38 0 -0.67 -1 -1.15
Canada Bcf/d Pipeline imports 0 0.07 0 -0.24 -0.35 -0.2 -0.09

USA Bcf/d Pipeline imports 0 -0.49 -0.41 0.14 0.64 0.52 0.4
Bcf/d Total -0.01 -0.57 -1.63 -3.07 -3.68 -5.63 -11.76

ROW Bcf/d Consumption 0 -0.45 -2.88 -6.17 -7.9 -8.81 -11.81
Australia + NZ Bcf/d Consumption 0 0.02 0.06 -0.03 -0.08 -0.14 -0.21

LAC Bcf/d Consumption 0 0.04 -0.53 -2.7 -4.71 -7.19 -8.78
Africa Bcf/d Consumption 0 0.02 -0.11 -1.22 -1.87 -1.86 -3.06

C Asia + East Eur Bcf/d Consumption -0.01 0.06 -0.11 -3.34 -6.97 -11.89 -16.51
Russia Bcf/d Consumption 0 0.05 -0.03 -0.01 -0.55 -3.89 -6.76
China Bcf/d Consumption 0 0.32 -1.21 -2.79 -3.36 -3.02 -9.49
India Bcf/d Consumption 0 -0.33 -0.79 -1.23 -1.3 -0.64 -1.52

Middle East Bcf/d Consumption -0.12 -0.89 -0.43 -5.49 -10.09 -16.08 -22.45
EU Bcf/d Consumption 0 -0.83 -4.67 -4.66 -3.73 -4.21 -9.42

Mexico Bcf/d Consumption 0 0.13 0.14 -0.89 -2.09 -3.14 -3.92
Canada Bcf/d Consumption 0 0.27 -0.04 -1.18 -1.48 -1.38 -1.11

USA Bcf/d Consumption 0.02 -7.2 -11.46 -14 -15.52 -27.81 -40.36
Bcf/d Total -0.11 -8.76 -22.07 -43.71 -59.65 -90.04 -135.4

ROW Bcf/d Production 0 -0.3 -2.2 -3.96 -4.08 -3.89 -4.63
Australia + NZ Bcf/d Production 0 0 -0.02 -0.25 -0.42 -0.6 -1.03

LAC Bcf/d Production 0 -0.11 -0.24 -1.83 -2.69 -4.07 -5.48
Africa Bcf/d Production 0 -0.05 -0.43 -1.95 -2.84 -3.43 -5.12

C Asia + East Eur Bcf/d Production 0 -0.05 -0.04 -1.95 -3.91 -6.5 -9.41
Russia Bcf/d Production 0 -0.17 -0.33 -1.67 -3.34 -7.57 -16.67
China Bcf/d Production 0 -0.12 -0.33 -1.11 -1.3 -1.27 -3.43
India Bcf/d Production 0 -0.16 -0.12 -0.46 -0.59 -0.43 -1.26

Middle East Bcf/d Production -0.12 -0.83 -1.09 -6.46 -10.75 -16.27 -23.3

S7–S2

EU Bcf/d Production 0 -0.18 -1.67 -1.76 -1.8 -2.52 -5.99
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Mexico Bcf/d Production 0 -0.16 -0.21 -0.71 -1.18 -1.81 -2.47
Canada Bcf/d Production 0 0.06 -0.3 -1.29 -1.81 -2.23 -2.71

USA Bcf/d Production 0.01 -6.68 -15.09 -20.34 -24.97 -39.46 -53.91
Bcf/d Total -0.12 -8.76 -22.06 -43.73 -59.66 -90.03 -135.41

ROW Bcf/d LNG exports 0 -0.05 -0.3 -0.43 -0.76 -1.31 -2.21
Australia + NZ Bcf/d LNG exports 0 -0.02 -0.08 -0.21 -0.34 -0.46 -0.86

LAC Bcf/d LNG exports 0 -0.03 -0.21 -0.44 -0.6 -0.8 -1.3
Africa Bcf/d LNG exports 0 -0.04 -0.3 -0.87 -1.33 -1.9 -2.84

C Asia + East Eur Bcf/d LNG exports 0 -0.01 -0.09 -0.26 -0.51 -0.88 -1.85
Russia Bcf/d LNG exports 0 -0.01 -0.01 -0.11 -0.21 -0.39 -0.74
China Bcf/d LNG exports 0 0 -0.01 0 -0.01 -0.02 -0.04
India Bcf/d LNG exports 0 0 0 -0.02 -0.04 -0.1 -0.21

Middle East Bcf/d LNG exports 0 0 -0.73 -1.31 -1.4 -1.48 -2.66
EU Bcf/d LNG exports 0 0.01 -0.02 -0.12 -0.31 -0.65 -1.06

Mexico Bcf/d LNG exports 0 0 0 -0.01 -0.01 -0.03 -0.09
Canada Bcf/d LNG exports 0 0 -0.23 -0.3 -0.41 -0.58 -1.11

USA Bcf/d LNG exports 0 0 -4.1 -6.19 -9.05 -11.49 -13.64
Bcf/d Total 0 -0.16 -6.08 -10.27 -15 -20.09 -28.61

ROW Bcf/d LNG imports 0 -0.34 -1.9 -3.45 -4.66 -6.21 -9.27
Australia + NZ Bcf/d LNG imports 0 0 0 0 0 0 -0.04

LAC Bcf/d LNG imports 0 0.13 -0.5 -1.32 -2.63 -3.91 -4.61
Africa Bcf/d LNG imports 0 0.01 -0.12 -0.25 -0.38 -0.36 -0.84

C Asia + East Eur Bcf/d LNG imports 0 0.1 -0.23 -1.16 -2.41 -3.96 -5.16
Russia Bcf/d LNG imports 0 0 0 0.06 0.03 -0.27 -0.47
China Bcf/d LNG imports 0 0.38 -0.56 -0.71 -0.75 -0.63 -1.08
India Bcf/d LNG imports -0.01 -0.17 -0.67 -0.78 -0.75 -0.32 -0.47

Middle East Bcf/d LNG imports 0 -0.05 -0.09 -0.33 -0.69 -1.15 -1.56
EU Bcf/d LNG imports 0 -0.21 -1.93 -2.07 -2.15 -2.35 -3.98

Mexico Bcf/d LNG imports 0 0.01 -0.04 -0.2 -0.46 -0.71 -0.91
Canada Bcf/d LNG imports 0 0 0 -0.02 -0.12 -0.16 -0.15

USA Bcf/d LNG imports 0 -0.02 -0.05 -0.03 -0.03 -0.06 -0.08
Bcf/d Total -0.03 -0.14 -6.1 -10.27 -14.99 -20.09 -28.62

ROW Bcf/d Pipeline exports 0 -0.14 -0.96 -0.92 -0.17 -0.03 0.03
Australia + NZ Bcf/d Pipeline exports 0 0 0 0 0 0 0

LAC Bcf/d Pipeline exports 0 -0.01 0.02 -0.08 -0.1 -0.17 -0.22
Africa Bcf/d Pipeline exports 0 -0.02 -0.12 -0.14 0.06 0.44 1.06

C Asia + East Eur Bcf/d Pipeline exports 0 0 -0.01 -0.01 0 0 0
Russia Bcf/d Pipeline exports 0 -0.21 -0.29 -1.51 -2.62 -4.05 -10.54
China Bcf/d Pipeline exports 0 0 0 0 0 0 0
India Bcf/d Pipeline exports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline exports 0 0 -0.01 0 0.01 0.01 0.04
EU Bcf/d Pipeline exports 0 -0.03 -0.23 -0.2 -0.03 -0.02 -0.02

Mexico Bcf/d Pipeline exports 0 0 0 -0.02 -0.07 -0.18 -0.3
Canada Bcf/d Pipeline exports 0 -0.14 -0.03 -0.08 -0.33 -0.57 -0.67

USA Bcf/d Pipeline exports 0 0 0 0 0 0 0
Bcf/d Total 0.01 -0.55 -1.63 -2.96 -3.23 -4.56 -10.62

ROW Bcf/d Pipeline imports 0 -0.01 -0.05 -0.11 -0.1 -0.05 -0.08
Australia + NZ Bcf/d Pipeline imports 0 0 0 0 0 0 0

LAC Bcf/d Pipeline imports 0 -0.01 0.02 -0.08 -0.1 -0.17 -0.22
Africa Bcf/d Pipeline imports 0 0 0.02 -0.02 0.09 0.48 1.12

C Asia + East Eur Bcf/d Pipeline imports 0 0 0.06 -0.5 -1.16 -2.3 -3.79
Russia Bcf/d Pipeline imports 0 0 0 -0.02 -0.08 -0.48 -0.91
China Bcf/d Pipeline imports 0 0.06 -0.33 -0.97 -1.33 -1.14 -5.03
India Bcf/d Pipeline imports 0 0 0 0 0 0 0

Middle East Bcf/d Pipeline imports 0 0 0 -0.02 -0.04 -0.11 -0.21
EU Bcf/d Pipeline imports 0 -0.47 -1.32 -1.15 -0.12 -0.02 -0.54

Mexico Bcf/d Pipeline imports 0 0.27 0.38 -0.03 -0.54 -0.83 -0.91
Canada Bcf/d Pipeline imports 0 0.07 0 -0.25 -0.29 -0.14 -0.03

USA Bcf/d Pipeline imports 0 -0.49 -0.41 0.17 0.43 0.22 -0.02
Bcf/d Total -0.01 -0.57 -1.63 -2.97 -3.23 -4.54 -10.63
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ROW % Consumption 0.00 -1.11 -6.34 -12.92 -13.64 -14.35 -18.74

Australia + NZ % Consumption 0.00 6.45 13.95 -10.53 -13.73 -17.11 -18.02
LAC % Consumption 0.00 0.24 -2.68 -11.87 -15.49 -21.84 -24.65

Africa % Consumption 0.00 0.14 -0.64 -5.73 -6.39 -4.69 -6.47
C Asia + East Eur % Consumption -0.03 0.20 -0.34 -9.54 -16.86 -27.47 -36.46

Russia % Consumption 0.00 0.14 -0.08 -0.05 -1.23 -9.60 -16.86
China % Consumption 0.00 0.77 -2.53 -5.58 -3.95 -3.68 -12.21
India % Consumption 0.00 -2.78 -4.60 -5.81 -2.50 -0.03 -1.97

Middle East % Consumption -0.26 -1.93 -0.90 -10.59 -17.79 -25.47 -32.99
EU % Consumption 0.00 -2.32 -13.96 -17.04 -6.83 -9.36 -22.16

Mexico % Consumption 0.00 1.61 1.50 -8.32 -17.30 -23.28 -26.53
Canada % Consumption 0.00 3.38 -0.48 -14.83 -19.71 -18.91 -16.72

USA % Consumption 0.02 -8.73 -13.03 -15.44 -16.71 -27.01 -36.41
% Total -0.03 -2.36 -5.43 -10.22 -11.52 -16.40 -23.13

ROW % Production 0.00 -0.79 -5.10 -8.74 -9.25 -9.38 -10.69
Australia + NZ % Production 0.00 0.00 -0.17 -2.25 -4.68 -9.46 -19.42

LAC % Production 0.00 -0.80 -1.51 -10.03 -15.45 -21.18 -24.94
Africa % Production 0.00 -0.20 -1.56 -6.10 -9.04 -10.03 -12.52

C Asia + East Eur % Production 0.00 -0.28 -0.21 -9.34 -17.84 -26.86 -34.32
Russia % Production 0.00 -0.28 -0.52 -2.60 -5.59 -11.97 -22.69
China % Production 0.00 -0.61 -1.47 -4.66 -4.40 -4.60 -12.24
India % Production 0.00 -3.26 -1.68 -4.44 -5.31 -3.63 -6.87

Middle East % Production -0.20 -1.42 -1.79 -9.71 -15.48 -21.60 -28.25
EU % Production 0.00 -1.79 -16.39 -19.45 -11.64 -17.58 -30.87

Mexico % Production 0.00 -6.27 -6.27 -18.16 -26.34 -34.33 -38.70
Canada % Production 0.00 0.43 -2.06 -8.53 -11.21 -14.10 -17.00

USA % Production 0.01 -6.99 -14.06 -18.05 -14.35 -21.13 -28.82
% Total -0.03 -2.36 -5.43 -10.23 -11.52 -16.40 -23.13

ROW % LNG exports 0.00 -0.45 -2.17 -2.63 -5.66 -10.38 -14.88
Australia + NZ % LNG exports 0.00 -0.17 -0.68 -1.96 -4.28 -8.63 -19.61

LAC % LNG exports 0.00 -1.36 -7.87 -12.82 -14.44 -17.07 -22.08
Africa % LNG exports 0.00 -0.38 -2.59 -6.98 -11.03 -16.72 -23.23

C Asia + East Eur % LNG exports 0.00 -5.88 -21.43 -24.30 -23.02 -26.23 -33.02
Russia % LNG exports 0.00 -0.26 -0.26 -3.00 -7.49 -16.31 -27.95
China % LNG exports 0.00 0.00 -100.00 0.00 -33.33 -36.36 -40.00
India % LNG exports 0.00 0.00 0.00 -22.22 -25.00 -34.15 -42.19

Middle East % LNG exports 0.00 0.00 -5.21 -8.57 -9.03 -11.74 -16.94
EU % LNG exports 0.00 2.17 -3.17 -13.79 -23.21 -30.28 -31.78

Mexico % LNG exports 0.00 0.00 0.00 -33.33 -22.22 -30.00 -35.29
Canada % LNG exports 0.00 0.00 -8.68 -7.06 -7.18 -10.35 -14.89

USA % LNG exports 0.00 0.00 -21.75 -28.10 -5.63 0.00 0.00
% Total 0.00 -0.23 -7.57 -12.13 -8.13 -10.76 -15.97

ROW % LNG imports 0.00 -1.68 -8.53 -15.11 -14.88 -19.61 -29.72
Australia + NZ % LNG imports 0.00 0.00 0.00 0.00 0.00 0.00 -16.67

LAC % LNG imports 0.00 2.64 -7.62 -15.95 -15.14 -20.75 -22.83
Africa % LNG imports 0.00 0.86 -6.15 -9.55 1.85 2.96 -2.73

C Asia + East Eur % LNG imports 0.00 1.25 -2.51 -11.66 -12.67 -21.01 -27.77
Russia % LNG imports 0.00 0.00 0.00 0.00 14.50 6.39 1.20
China % LNG imports 0.00 2.43 -3.15 -4.71 -0.51 0.30 -1.36
India % LNG imports -0.25 -2.43 -6.63 -7.03 -0.33 2.88 2.31

Middle East % LNG imports 0.00 -10.42 -14.29 -34.58 -23.38 -36.15 -45.24
EU % LNG imports 0.00 -2.37 -20.96 -23.63 -10.25 -10.32 -20.64

Mexico % LNG imports 0.00 0.75 -2.78 -13.38 -20.12 -28.25 -32.82
Canada % LNG imports 0.00 0.00 0.00 -14.29 -31.58 -32.00 -26.92

USA % LNG imports 0.00 -7.69 -21.74 -22.22 20.00 -20.00 -20.00
% Total -0.05 -0.20 -7.60 -12.13 -8.12 -10.75 -15.95

ROW % Pipeline exports 0.00 -1.86 -13.62 -16.53 -4.33 -1.12 1.97
Australia + NZ % Pipeline exports 0.00 0.00 0.00 0.00 0.00 0.00 0.00

LAC % Pipeline exports 0.00 -0.55 1.12 -4.38 -11.76 -20.49 -25.20
Africa % Pipeline exports 0.00 -1.77 -9.76 -8.86 -1.70 10.36 20.21

C Asia + East Eur % Pipeline exports 0.00 0.00 -20.00 -25.00 0.00 0.00 0.00

S6–S1

Russia % Pipeline exports 0.00 -0.97 -1.36 -6.57 -9.83 -13.47 -26.56
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China % Pipeline exports 0.00 0.00 0.00 0.00 0.00 0.00 0.00
India % Pipeline exports 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Middle East % Pipeline exports 0.00 0.00 -33.33 0.00 25.00 33.33 33.33
EU % Pipeline exports 0.00 -1.86 -15.44 -17.60 -3.26 -6.12 -14.81

Mexico % Pipeline exports 0.00 0.00 0.00 -40.00 -46.67 -51.43 -48.21
Canada % Pipeline exports 0.00 -2.39 -0.54 -1.68 -7.81 -15.45 -20.64

USA % Pipeline exports 0.00 0.00 0.00 0.00 0.12 0.00 0.00
% Total 0.02 -1.14 -3.46 -6.51 -7.16 -9.87 -18.54

ROW % Pipeline imports 0.00 -1.20 -5.49 -12.50 -12.50 -7.50 -10.20
Australia + NZ % Pipeline imports 0.00 0.00 0.00 0.00 0.00 0.00 0.00

LAC % Pipeline imports 0.00 -0.55 1.12 -4.38 -11.76 -20.49 -25.20
Africa % Pipeline imports 0.00 0.00 5.71 0.00 -0.55 11.90 22.44

C Asia + East Eur % Pipeline imports 0.00 0.00 1.17 -9.09 -24.82 -42.21 -57.84
Russia % Pipeline imports 0.00 0.00 0.00 -0.73 -10.38 -23.33 -32.60
China % Pipeline imports 0.00 1.01 -4.38 -9.16 -7.60 -6.36 -20.60
India % Pipeline imports 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Middle East % Pipeline imports 0.00 0.00 0.00 -33.33 -42.86 -51.72 -60.00
EU % Pipeline imports 0.00 -2.47 -8.16 -10.04 -1.28 -0.23 -5.29

Mexico % Pipeline imports 0.00 6.46 8.26 0.00 -10.81 -14.68 -15.91
Canada % Pipeline imports 0.00 4.22 0.00 -14.46 -20.00 -11.76 -5.77

USA % Pipeline imports 0.00 -5.72 -5.30 2.19 13.62 14.17 12.86
% Total -0.02 -1.18 -3.46 -6.53 -7.18 -9.85 -18.49

ROW % Consumption 0.00 -1.11 -6.34 -12.65 -15.22 -15.89 -20.45
Australia + NZ % Consumption 0.00 6.45 13.95 -8.11 -15.38 -17.95 -18.58

LAC % Consumption 0.00 0.24 -2.68 -11.57 -17.26 -23.22 -25.84
Africa % Consumption 0.00 0.14 -0.64 -5.69 -6.94 -5.49 -7.29

C Asia + East Eur % Consumption -0.03 0.20 -0.34 -9.36 -17.69 -28.00 -36.87
Russia % Consumption 0.00 0.14 -0.08 -0.03 -1.38 -9.73 -16.95
China % Consumption 0.00 0.77 -2.53 -5.07 -5.36 -4.35 -12.74
India % Consumption 0.00 -2.78 -4.60 -5.40 -4.49 -1.80 -3.61

Middle East % Consumption -0.26 -1.93 -0.90 -10.61 -17.74 -25.47 -33.04
EU % Consumption 0.00 -2.32 -13.96 -15.78 -12.19 -12.29 -24.82

Mexico % Consumption 0.00 1.61 1.50 -8.32 -17.30 -23.40 -26.56
Canada % Consumption 0.00 3.38 -0.48 -14.94 -19.81 -19.94 -18.17

USA % Consumption 0.02 -8.73 -13.03 -15.49 -16.34 -26.35 -34.86
% Total -0.03 -2.36 -5.43 -9.99 -12.44 -16.93 -23.40

ROW % Production 0.00 -0.79 -5.10 -8.66 -8.80 -8.27 -9.72
Australia + NZ % Production 0.00 0.00 -0.17 -2.25 -4.38 -7.84 -16.51

LAC % Production 0.00 -0.80 -1.51 -10.23 -13.76 -18.69 -22.64
Africa % Production 0.00 -0.20 -1.56 -6.18 -7.86 -8.32 -10.94

C Asia + East Eur % Production 0.00 -0.28 -0.21 -9.47 -16.91 -25.10 -32.62
Russia % Production 0.00 -0.28 -0.52 -2.63 -4.96 -10.44 -21.40
China % Production 0.00 -0.61 -1.47 -4.47 -4.91 -4.61 -12.18
India % Production 0.00 -3.26 -1.68 -4.64 -4.45 -2.50 -5.82

Middle East % Production -0.20 -1.42 -1.79 -9.73 -14.84 -20.46 -27.22
EU % Production 0.00 -1.79 -16.39 -18.20 -16.62 -16.37 -29.98

Mexico % Production 0.00 -6.27 -6.27 -18.16 -26.34 -34.09 -38.59
Canada % Production 0.00 0.43 -2.06 -8.47 -10.79 -12.54 -15.47

USA % Production 0.01 -6.99 -14.06 -17.35 -18.73 -25.83 -32.13
% Total -0.03 -2.36 -5.43 -9.99 -12.44 -16.93 -23.40

ROW % LNG exports 0.00 -0.45 -2.17 -2.76 -4.67 -7.58 -12.19
Australia + NZ % LNG exports 0.00 -0.17 -0.68 -1.96 -3.75 -6.69 -16.17

LAC % LNG exports 0.00 -1.36 -7.87 -12.57 -12.96 -13.56 -18.49
Africa % LNG exports 0.00 -0.38 -2.59 -6.98 -9.90 -13.53 -19.94

C Asia + East Eur % LNG exports 0.00 -5.88 -21.43 -24.30 -20.82 -20.14 -28.12
Russia % LNG exports 0.00 -0.26 -0.26 -3.00 -6.36 -12.70 -23.57
China % LNG exports 0.00 0.00 -100.00 0.00 -20.00 -22.22 -30.77
India % LNG exports 0.00 0.00 0.00 -22.22 -21.05 -27.78 -38.18

Middle East % LNG exports 0.00 0.00 -5.21 -8.34 -8.00 -7.69 -12.65
EU % LNG exports 0.00 2.17 -3.17 -13.79 -19.38 -23.30 -26.97

Mexico % LNG exports 0.00 0.00 0.00 -33.33 -12.50 -17.65 -31.03

S7–S2

Canada % LNG exports 0.00 0.00 -8.68 -6.85 -5.65 -6.12 -10.71
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USA % LNG exports 0.00 0.00 -21.75 -24.89 -25.98 -26.81 -28.88

% Total 0.00 -0.23 -7.57 -11.05 -13.55 -15.88 -20.74
ROW % LNG imports 0.00 -1.68 -8.53 -14.54 -18.20 -22.52 -32.17

Australia + NZ % LNG imports 0.00 0.00 0.00 0.00 0.00 0.00 -19.05
LAC % LNG imports 0.00 2.64 -7.62 -14.73 -21.24 -25.91 -27.41

Africa % LNG imports 0.00 0.86 -6.15 -8.09 -7.95 -5.18 -8.77
C Asia + East Eur % LNG imports 0.00 1.25 -2.51 -10.54 -18.03 -26.61 -33.08

Russia % LNG imports 0.00 0.00 0.00 3.41 1.01 -7.26 -11.81
China % LNG imports 0.00 2.43 -3.15 -3.71 -3.69 -3.02 -5.14
India % LNG imports -0.25 -2.43 -6.63 -6.03 -4.72 -1.72 -2.24

Middle East % LNG imports 0.00 -10.42 -14.29 -32.04 -36.90 -43.07 -50.32
EU % LNG imports 0.00 -2.37 -20.96 -21.93 -18.96 -17.27 -26.55

Mexico % LNG imports 0.00 0.75 -2.78 -12.82 -25.99 -35.15 -40.09
Canada % LNG imports 0.00 0.00 0.00 -14.29 -48.00 -45.71 -40.54

USA % LNG imports 0.00 -7.69 -21.74 -17.65 -20.00 -37.50 -47.06
% Total -0.05 -0.20 -7.60 -11.05 -13.54 -15.88 -20.75

ROW % Pipeline exports 0.00 -1.86 -13.62 -15.41 -3.70 -1.13 2.00
Australia + NZ % Pipeline exports 0.00 0.00 0.00 0.00 0.00 0.00 0.00

LAC % Pipeline exports 0.00 -0.55 1.12 -4.97 -7.69 -15.18 -20.00
Africa % Pipeline exports 0.00 -1.77 -9.76 -8.86 2.67 13.84 23.45

C Asia + East Eur % Pipeline exports 0.00 0.00 -20.00 -25.00 0.00 0.00 0.00
Russia % Pipeline exports 0.00 -0.97 -1.36 -6.53 -9.02 -11.27 -25.00
China % Pipeline exports 0.00 0.00 0.00 0.00 0.00 0.00 0.00
India % Pipeline exports 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Middle East % Pipeline exports 0.00 0.00 -33.33 0.00 25.00 16.67 50.00
EU % Pipeline exports 0.00 -1.86 -15.44 -16.26 -3.26 -4.17 -8.00

Mexico % Pipeline exports 0.00 0.00 0.00 -40.00 -46.67 -51.43 -51.72
Canada % Pipeline exports 0.00 -2.39 -0.54 -1.68 -8.27 -16.96 -23.10

USA % Pipeline exports 0.00 0.00 0.00 0.00 0.00 0.00 0.00
% Total 0.02 -1.14 -3.46 -6.31 -6.36 -8.19 -17.23

ROW % Pipeline imports 0.00 -1.20 -5.49 -12.50 -12.50 -6.41 -8.60
Australia + NZ % Pipeline imports 0.00 0.00 0.00 0.00 0.00 0.00 0.00

LAC % Pipeline imports 0.00 -0.55 1.12 -4.97 -7.69 -15.18 -20.00
Africa % Pipeline imports 0.00 0.00 5.71 -2.33 5.26 16.55 25.40

C Asia + East Eur % Pipeline imports 0.00 0.00 1.17 -9.62 -21.48 -37.95 -54.77
Russia % Pipeline imports 0.00 0.00 0.00 -1.45 -4.04 -17.58 -27.66
China % Pipeline imports 0.00 1.01 -4.38 -8.75 -8.36 -5.41 -19.77
India % Pipeline imports 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Middle East % Pipeline imports 0.00 0.00 0.00 -33.33 -33.33 -45.83 -56.76
EU % Pipeline imports 0.00 -2.47 -8.16 -9.18 -1.10 -0.23 -7.54

Mexico % Pipeline imports 0.00 6.46 8.26 -0.56 -8.90 -12.58 -13.11
Canada % Pipeline imports 0.00 4.22 0.00 -14.97 -17.16 -8.64 -2.04

USA % Pipeline imports 0.00 -5.72 -5.30 2.68 8.76 5.47 -0.56
% Total -0.02 -1.18 -3.46 -6.33 -6.36 -8.16 -17.25

Table D-12. Primary energy consumption by fuel in 2015 and under all scenarios in 2050 (see Figure 13)

Scenario Fuel Units 2015 2050
Biomass EJ 30.07 95.84

Biomass CCS EJ 0 39.58
Coal EJ 165.11 153.04

Coal CCS EJ 0 8.96
Gas EJ 126.84 184.76

Gas CCS EJ 0 17.7
Nuclear EJ 9.67 20.48

Oil EJ 189 179.87
Oil CCS EJ 0 5.97

Other Renewables EJ 18.54 99.96

S1

Total EJ 539.23 806.16
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Scenario Fuel Units 2015 2050
Biomass EJ 30.07 95.48

Biomass CCS EJ 0 39.77
Coal EJ 165.11 152.42

Coal CCS EJ 0 8.95
Gas EJ 126.84 185.96

Gas CCS EJ 0 17.96
Nuclear EJ 9.67 20.45

Oil EJ 189 179.6
Oil CCS EJ 0 5.96

Other Renewables EJ 18.54 99.86

S2

Total EJ 539.23 806.41
Biomass EJ 30.07 100.36

Biomass CCS EJ 0 44.37
Coal EJ 165.11 151.31

Coal CCS EJ 0 10.39
Gas EJ 126.84 189.54

Gas CCS EJ 0 21.24
Nuclear EJ 9.67 21.48

Oil EJ 189 181.76
Oil CCS EJ 0 7.21

Other Renewables EJ 18.54 104.99

S3

Total EJ 539.23 832.65
Biomass EJ 30.07 97.32

Biomass CCS EJ 0 39.07
Coal EJ 165.11 154.51

Coal CCS EJ 0 9.13
Gas EJ 126.83 182.31

Gas CCS EJ 0 17.73
Nuclear EJ 9.67 20.73

Oil EJ 189 179.54
Oil CCS EJ 0 5.93

Other Renewables EJ 18.54 99.87

S4

Total EJ 539.22 806.14
Biomass EJ 30.07 90.69

Biomass CCS EJ 0 36.23
Coal EJ 165.11 151.76

Coal CCS EJ 0 7.88
Gas EJ 126.84 179.4

Gas CCS EJ 0 16.2
Nuclear EJ 9.67 18.93

Oil EJ 189 178.07
Oil CCS EJ 0 4.89

Other Renewables EJ 18.54 117.95

S5

Total EJ 539.23 802
Biomass EJ 30.06 35.59

Biomass CCS EJ 0 108.7
Coal EJ 165.11 44.43

Coal CCS EJ 0 35.07
Gas EJ 126.83 95.07

Gas CCS EJ 0 58.07
Nuclear EJ 9.67 34.96

Oil EJ 189 144.79
Oil CCS EJ 0 16.07

Other Renewables EJ 18.54 142.92

S6

Total EJ 539.21 715.67
Biomass EJ 30.06 35.54

Biomass CCS EJ 0 108.7
Coal EJ 165.11 44.39

Coal CCS EJ 0 35.03
S7

Gas EJ 126.83 95.24
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Scenario Fuel Units 2015 2050
Gas CCS EJ 0 58.41
Nuclear EJ 9.67 34.94

Oil EJ 189 144.71
Oil CCS EJ 0 16.04

Other Renewables EJ 18.54 142.87
Total EJ 539.21 715.87

Table D-13. GHG emissions by sector in 2015 and under all scenarios in 2050 (see Figure 13)

Scenario Sector 2015 2050
CO2 buildings 2.84 2.54
CO2 electricity 12.64 13.04
CO2 industry 11.75 11.04

CO2 other energy 0.51 1.60
CO2 transport 7.89 7.04

CH4 energy 5.43 4.80
CH4 AgLanduse 3.36 4.97

N2O energy 0.96 0.88
N2O AgLanduse 2.17 3.28

F-gases 1.01 1.66
CO2 bioenergy 0.00 -1.68

CO2 direct air capture 0.00 0.00
CO2 LUC 3.04 -1.42

S1

Total 51.58 47.74
CO2 buildings 2.84 2.54
CO2 electricity 12.64 13.02
CO2 industry 11.75 11.04

CO2 other energy 0.51 1.60
CO2 transport 7.89 7.03

CH4 energy 5.43 4.79
CH4 AgLanduse 3.36 4.97

N2O energy 0.96 0.88
N2O AgLanduse 2.17 3.28

F-gases 1.01 1.67
CO2 bioenergy 0.00 -1.69

CO2 direct air capture 0.00 0.00
CO2 LUC 3.04 -1.39

S2

Total 51.58 47.72
CO2 buildings 2.84 2.55
CO2 electricity 12.64 12.87
CO2 industry 11.75 11.27

CO2 other energy 0.51 1.63
CO2 transport 7.89 7.09

CH4 energy 5.43 5.02
CH4 AgLanduse 3.36 5.34

N2O energy 0.96 0.92
N2O AgLanduse 2.17 3.51

F-gases 1.01 1.76
CO2 bioenergy 0.00 -1.88

CO2 direct air capture 0.00 0.00
CO2 LUC 3.04 0.18

S3

Total 51.58 50.25
CO2 buildings 2.84 2.44
CO2 electricity 12.64 13.13
CO2 industry 11.75 10.99

CO2 other energy 0.51 1.64
CO2 transport 7.89 7.05

CH4 energy 5.43 4.75
CH4 AgLanduse 3.36 4.97

N2O energy 0.96 0.88

S4

N2O AgLanduse 2.17 3.28
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Scenario Total U.S. Natural Gas Volumes Units 2020 2025 2030 2035 2040 2045 2050
S3–S1 NG Production Tcf 0.0 0.4 0.3 0.1 3.1 6.3 7.6
S4–S1 NG Production Tcf 0.0 0.4 -1.3 -3.0 -3.3 -1.6 -1.3
S5–S1 NG Production Tcf 0.0 0.3 -0.2 -1.2 1.4 3.6 3.8
S2–S1 NG Consumption Tcf 0.0 -0.1 0.0 -0.1 -0.3 0.1 -0.2
S3–S1 NG Consumption Tcf 0.0 0.0 -0.2 -0.2 -0.4 0.0 -0.3
S4–S1 NG Consumption Tcf 0.0 -0.1 0.6 0.9 0.4 0.5 -0.1
S5–S1 NG Consumption Tcf 0.0 -0.1 -0.8 -1.3 -1.9 -2.4 -3.7
S2–S1 LNG Exports Tcf 0.0 0.0 0.0 -0.4 2.8 5.7 7.3
S3–S1 LNG Exports Tcf 0.0 0.0 0.0 -0.3 3.0 6.0 7.8
S4–S1 LNG Exports Tcf 0.0 0.0 -2.4 -4.6 -4.4 -2.8 -1.6
S5–S1 LNG Exports Tcf 0.0 0.0 0.0 -0.4 2.8 5.6 7.2
S2–S1 NG Production % Difference 0.0 1.1 1.3 -0.1 7.0 14.8 16.9
S3–S1 NG Production % Difference 0.0 1.1 0.9 0.1 7.5 15.3 18.1
S4–S1 NG Production % Difference 0.0 1.1 -3.4 -7.7 -8.0 -3.8 -3.1
S5–S1 NG Production % Difference 0.0 0.9 -0.6 -3.0 3.3 8.7 9.0
S2–S1 NG Consumption % Difference 0.0 -0.2 0.0 -0.4 -1.1 0.3 -0.8
S3–S1 NG Consumption % Difference 0.0 -0.1 -0.7 -0.6 -1.2 -0.2 -0.9
S4–S1 NG Consumption % Difference 0.0 -0.2 2.0 3.4 1.6 1.8 -0.3
S5–S1 NG Consumption % Difference 0.0 -0.4 -2.7 -4.9 -6.6 -8.3 -12.3
S2–S1 LNG Exports % Difference 0.0 0.0 0.0 -4.2 27.6 56.7 72.7
S3–S1 LNG Exports % Difference 0.0 0.0 0.0 -2.9 29.9 60.6 78.3
S4–S1 LNG Exports % Difference 0.0 0.0 -35.6 -48.9 -44.3 -27.6 -15.7
S5–S1 LNG Exports % Difference 0.0 0.0 0.0 -4.0 27.7 56.1 72.5

*1 Tcf in a non-leap year is equivalent to 2.74 Bcf/d

Table D-18. Total U.S. natural gas production, consumption, and export volumes, S6 and S7, by year (see 
Figure 17)

Scenario Total U.S. Natural Gas Volumes Units 2020 2025 2030 2035 2040 2045 2050
S6 NG Production Tcf 34.1 38.5 35.1 37.6 42.6 47.4 54.7
S7 NG Production Tcf 34.1 38.5 35.3 37.1 42.3 48.6 56.5
S6 NG Consumption Tcf 30.5 32.0 27.4 28.4 30.8 35.0 41.9
S7 NG Consumption Tcf 30.5 31.9 27.5 27.9 30.5 34.7 41.5
S6 LNG Exports Tcf 2.4 4.9 5.4 6.8 9.4 10.0 10.0
S7 LNG Exports Tcf 2.4 4.9 5.4 6.8 9.4 11.4 12.3

NG Production Tcf 0.0 0.0 0.1 -0.4 -0.3 1.2 1.8
NG Consumption Tcf 0.0 0.0 0.1 -0.5 -0.3 -0.3 -0.3

LNG Exports Tcf 0.0 0.0 0.0 0.0 0.0 1.5 2.3
NG Production % Difference 0.0 -0.1 0.4 -1.1 -0.8 2.4 3.4

NG Consumption % Difference 0.0 -0.1 0.5 -1.7 -1.1 -0.9 -0.8

S7–S6

LNG Exports % Difference 0.0 0.0 0.0 0.0 0.0 14.8 22.9
*1 Tcf in a non-leap year is equivalent to 2.74 Bcf/d

Table D-19. U.S. natural gas Henry Hub price, S1–S7, tabulated by year (see Figure 18)

Scenario Units 2020 2025 2030 2035 2040 2045 2050
S1 $2022/Mcf 2.31 3.63 3.04 3.81 4.08 4.05 3.88
S2 $2022/Mcf 2.31 3.70 3.09 3.77 4.50 4.61 5.09
S3 $2022/Mcf 2.31 3.69 3.06 3.78 4.54 4.65 5.15
S4 $2022/Mcf 2.31 3.68 2.63 3.03 3.52 3.73 4.12
S5 $2022/Mcf 2.31 3.68 3.00 3.65 4.38 4.41 4.67

S2–S1 $2022/Mcf 0.00 0.07 0.05 -0.04 0.42 0.56 1.22
S3–S1 $2022/Mcf 0.00 0.07 0.02 -0.03 0.46 0.60 1.27
S4–S1 $2022/Mcf 0.00 0.06 -0.41 -0.78 -0.56 -0.32 0.24
S5–S1 $2022/Mcf 0.00 0.06 -0.04 -0.16 0.30 0.37 0.80
S2–S1 % Difference 0.0 2.0 1.7 -1.1 10.4 13.9 31.4
S3–S1 % Difference 0.0 1.9 0.5 -0.8 11.4 14.8 32.8
S4–S1 % Difference 0.0 1.6 -13.5 -20.6 -13.6 -7.9 6.3
S5–S1 % Difference 0.0 1.6 -1.2 -4.2 7.3 9.0 20.5

S6 $2022/Mcf 2.35 3.80 3.36 4.42 4.67 5.46 6.34
S7 $2022/Mcf 2.35 3.80 3.42 4.34 4.70 5.40 6.20
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Scenario Units 2020 2025 2030 2035 2040 2045 2050
$2022/Mcf 0.00 0.00 0.06 -0.08 0.03 -0.06 -0.14

S7–S6
% Difference 0.0 0.0 1.8 -1.8 0.6 -1.1 -2.2

Table D-20. U.S. real GDP, S1–S5, by year (see Figure 19)

Scenario Units 2020 2025 2030 2035 2040 2045 2050
S1 $2022, Trillion 23.3 25.9 28.4 31.1 34.5 38.2 42.4
S2 $2022, Trillion 23.3 25.9 28.4 31.1 34.5 38.3 42.3
S3 $2022, Trillion 23.3 25.9 28.4 31.1 34.5 38.3 42.3
S4 $2022, Trillion 23.3 25.9 28.4 31.1 34.4 38.2 42.3
S5 $2022, Trillion 23.3 25.9 28.4 31.1 34.4 38.3 42.3

S2–S1 $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
S3–S1 $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
S4–S1 $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
S5–S1 $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
S2–S1 % Difference 0.0 0.0 0.0 0.0 0.0 0.1 -0.3
S3–S1 % Difference 0.0 0.0 0.0 0.0 0.0 0.1 -0.2
S4–S1 % Difference 0.0 0.0 0.0 0.0 -0.1 0.0 -0.2
S5–S1 % Difference 0.0 -0.1 0.1 0.0 0.0 0.1 -0.2

Table D-21. U.S. residential natural gas prices, S1–S5, by year (see Figure 20)

Scenario Units 2020 2025 2030 2035 2040 2045 2050
S1 $2022/Mcf 12.09 12.58 11.37 11.96 12.33 12.75 12.74
S2 $2022/Mcf 12.09 12.65 11.41 11.93 12.56 12.69 13.28
S3 $2022/Mcf 12.09 12.65 11.37 11.91 12.55 12.68 13.28
S4 $2022/Mcf 12.09 12.65 11.12 11.53 12.04 12.64 12.92
S5 $2022/Mcf 12.09 12.58 11.33 11.83 12.41 12.48 13.00

S2–S1 $2022/Mcf 0.00 0.06 0.04 -0.03 0.23 -0.06 0.54
S3–S1 $2022/Mcf 0.00 0.06 -0.01 -0.05 0.23 -0.07 0.54
S4–S1 $2022/Mcf 0.00 0.06 -0.25 -0.43 -0.29 -0.11 0.18
S5–S1 $2022/Mcf 0.00 0.00 -0.05 -0.14 0.08 -0.28 0.26
S2–S1 % Difference 0.0 0.5 0.3 -0.3 1.9 -0.5 4.2
S3–S1 % Difference 0.0 0.5 -0.1 -0.4 1.8 -0.6 4.2
S4–S1 % Difference 0.0 0.5 -2.2 -3.6 -2.3 -0.9 1.4
S5–S1 % Difference 0.0 0.0 -0.4 -1.1 0.7 -2.2 2.0

Table D-22. U.S. value of industrial shipments and real consumption, S1–S5, by year (see Figure 21)

Scenario Total U.S. Value Units 2020 2025 2030 2035 2040 2045 2050
S1 Industrial Shipments $2022, Trillion 11.0 12.0 12.8 13.5 14.3 15.2 16.2
S2 Industrial Shipments $2022, Trillion 11.0 12.0 12.8 13.5 14.4 15.3 16.2
S3 Industrial Shipments $2022, Trillion 11.0 12.0 12.8 13.5 14.4 15.3 16.2
S4 Industrial Shipments $2022, Trillion 11.0 12.0 12.8 13.4 14.3 15.2 16.1
S5 Industrial Shipments $2022, Trillion 11.0 12.0 12.8 13.5 14.3 15.3 16.2
S1 Real Consumption $2022, Trillion 16.0 18.5 20.8 23.4 26.4 29.8 33.5
S2 Real Consumption $2022, Trillion 16.0 18.4 20.8 23.4 26.4 29.8 33.5
S3 Real Consumption $2022, Trillion 16.0 18.4 20.8 23.4 26.4 29.8 33.5
S4 Real Consumption $2022, Trillion 16.0 18.5 20.8 23.5 26.4 29.8 33.5
S5 Real Consumption $2022, Trillion 16.0 18.4 20.8 23.4 26.4 29.8 33.5

S2–S1 Industrial Shipments $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.1 0.0
S3–S1 Industrial Shipments $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.1 0.0
S4–S1 Industrial Shipments $2022, Trillion 0.0 0.0 0.0 0.0 -0.1 0.0 -0.1
S5–S1 Industrial Shipments $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S2–S1 Real Consumption $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
S3–S1 Real Consumption $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 -0.1
S4–S1 Real Consumption $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S5–S1 Real Consumption $2022, Trillion 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S2–S1 Industrial Shipments % Difference 0.0 0.0 0.0 -0.1 0.3 0.7 0.1
S3–S1 Industrial Shipments % Difference 0.0 0.0 0.0 -0.1 0.3 0.7 0.2
S4–S1 Industrial Shipments % Difference 0.0 0.0 -0.1 -0.2 -0.4 -0.2 -0.4
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Scenario Natural Gas Volumes Units 2020 2025 2030 2035 2040 2045 2050
S3–S1 Industry Tcf 0.0 0.0 0.0 0.0 0.0 0.3 0.0
S4–S1 Industry Tcf 0.0 0.0 0.0 0.0 -0.1 0.0 -0.1
S5–S1 Industry Tcf 0.0 0.1 0.0 0.0 0.0 0.1 -0.1
S2–S1 Residential Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S3–S1 Residential Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S4–S1 Residential Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S5–S1 Residential Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S2–S1 Commercial Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S3–S1 Commercial Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S4–S1 Commercial Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S5–S1 Commercial Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S2–S1 Transportation Tcf 0.0 0.0 0.0 0.0 0.3 0.5 0.7
S3–S1 Transportation Tcf 0.0 0.0 0.0 0.0 0.3 0.6 0.7
S4–S1 Transportation Tcf 0.0 0.0 -0.2 -0.4 -0.4 -0.2 -0.1
S5–S1 Transportation Tcf 0.0 0.0 0.0 0.0 0.2 0.5 0.7
S2–S1 Total Tcf 0.0 -0.1 0.0 -0.1 -0.3 0.1 -0.2
S3–S1 Total Tcf 0.0 0.0 -0.2 -0.2 -0.4 0.0 -0.3
S4–S1 Total Tcf 0.0 -0.1 0.6 0.9 0.4 0.5 -0.1
S5–S1 Total Tcf 0.0 -0.1 -0.8 -1.3 -1.9 -2.4 -3.7
S2–S1 Electricity % Difference 0.0 -0.5 -0.2 -1.3 -8.3 -9.1 -11.5
S3–S1 Electricity % Difference 0.0 -0.3 -2.5 -2.1 -9.0 -11.4 -13.0
S4–S1 Electricity % Difference 0.0 -0.6 8.8 18.6 11.4 10.4 2.6
S5–S1 Electricity % Difference 0.0 -1.8 -9.9 -19.3 -29.0 -40.8 -55.0
S2–S1 Industry % Difference 0.0 0.1 0.1 -0.1 0.4 2.1 0.1
S3–S1 Industry % Difference 0.0 0.1 0.1 -0.1 0.3 2.2 0.2
S4–S1 Industry % Difference 0.0 0.1 0.2 0.0 -0.5 -0.4 -1.1
S5–S1 Industry % Difference 0.0 0.6 0.0 -0.3 -0.4 1.0 -1.0
S2–S1 Residential % Difference 0.0 -0.1 -0.1 0.1 -0.2 -0.2 -0.6
S3–S1 Residential % Difference 0.0 -0.1 0.0 0.1 -0.2 -0.1 -0.6
S4–S1 Residential % Difference 0.0 -0.1 0.3 0.6 0.4 0.1 -0.1
S5–S1 Residential % Difference 0.0 0.0 0.0 0.2 -0.1 0.0 -0.4
S2–S1 Commercial % Difference 0.0 -0.1 -0.1 0.1 -0.5 -0.5 -1.3
S3–S1 Commercial % Difference 0.0 -0.1 0.0 0.2 -0.5 -0.4 -1.3
S4–S1 Commercial % Difference 0.0 -0.1 0.6 1.2 0.8 0.2 -0.4
S5–S1 Commercial % Difference 0.0 0.0 0.0 0.3 -0.1 0.1 -0.6
S2–S1 Transportation % Difference 0.0 -0.2 0.2 -1.9 16.0 31.9 38.7
S3–S1 Transportation % Difference 0.0 -0.1 0.2 -1.1 17.5 33.9 42.2
S4–S1 Transportation % Difference 0.0 -0.1 -14.6 -24.6 -22.5 -13.6 -7.3
S5–S1 Transportation % Difference 0.0 -0.4 -0.9 -2.9 14.7 29.6 36.6
S2–S1 Total % Difference 0.0 -0.2 0.0 -0.4 -1.1 0.3 -0.8
S3–S1 Total % Difference 0.0 -0.1 -0.7 -0.6 -1.2 -0.2 -0.9
S4–S1 Total % Difference 0.0 -0.2 2.0 3.4 1.6 1.8 -0.3
S5–S1 Total % Difference 0.0 -0.4 -2.7 -4.9 -6.6 -8.3 -12.3

*1 Tcf in a non-leap year is equivalent to 2.74 Bcf/d

Table D-29. U.S. sectoral natural gas consumption, S6 and S7, by year (see Figure B-4)

Scenario Natural Gas Volumes Units 2020 2025 2030 2035 2040 2045 2050
S6 Electricity Tcf 11.6 12.9 8.3 5.7 5.0 5.7 6.5
S7 Electricity Tcf 11.6 12.8 8.5 5.9 5.0 5.7 6.6
S6 Industry Tcf 10.1 10.5 10.6 15.4 18.8 22.3 28.2
S7 Industry Tcf 10.1 10.5 10.6 14.7 18.4 22.0 27.8
S6 Residential Tcf 4.7 4.6 4.6 4.0 3.8 3.8 3.7
S7 Residential Tcf 4.7 4.6 4.5 4.0 3.8 3.8 3.7
S6 Commercial Tcf 3.2 3.2 3.2 2.5 2.4 2.3 2.3
S7 Commercial Tcf 3.2 3.2 3.1 2.5 2.4 2.3 2.3
S6 Transportation Tcf 0.9 0.8 0.8 0.8 0.9 1.0 1.1
S7 Transportation Tcf 0.9 0.8 0.8 0.8 0.8 1.0 1.1
S6 Total Tcf 30.5 32.0 27.4 28.4 30.8 35.0 41.9
S7 Total Tcf 30.5 31.9 27.5 27.9 30.5 34.7 41.5

S7–S6 Electricity Tcf 0.0 0.0 0.2 0.2 0.1 0.0 0.1
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Scenario Natural Gas Volumes Units 2020 2025 2030 2035 2040 2045 2050
Industry Tcf 0.0 0.0 0.0 -0.6 -0.4 -0.3 -0.4

Residential Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Commercial Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Transportation Tcf 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total Tcf 0.0 0.0 0.1 -0.5 -0.3 -0.3 -0.3

Electricity % Difference 0.0 -0.4 2.0 3.1 1.4 -0.1 1.4
Industry % Difference 0.0 0.0 0.1 -4.1 -2.0 -1.3 -1.4

Residential % Difference 0.0 0.0 -0.4 -0.1 -0.3 -0.2 -0.3
Commercial % Difference 0.0 0.0 -0.5 -0.4 -0.5 -0.5 -0.4

Transportation % Difference 0.0 0.4 0.1 -1.1 -0.3 -0.7 0.3
Total % Difference 0.0 -0.1 0.5 -1.7 -1.1 -0.9 -0.8

*1 Tcf in a non-leap year is equivalent to 2.74 Bcf/d

Table D-30. U.S. natural gas consumption for DAC, S6 and S7, by year (see Figure B-5)

Scenario Units 2020 2025 2030 2035 2040 2045 2050
S6 Tcf 0.0 0.0 0.0 4.7 7.8 11.2 16.8
S7 Tcf 0.0 0.0 0.0 4.1 7.5 10.7 16.2

Tcf 0.0 0.0 0.0 -0.6 -0.4 -0.5 -0.7
S7–S6

% Difference 0.0 0.0 0.0 -13.0 -4.5 -4.1 -4.0
*1 Tcf in a non-leap year is equivalent to 2.74 Bcf/d

Table D-31. U.S. CO2 removals by technology, S6 and S7, by year (see Figure B-6)

Scenario CO2 Removals Units 2020 2025 2030 2035 2040 2045 2050
H2 Biomass Gt CO2 0.00 0.00 0.03 0.08 0.12 0.17 0.20

BECCS Gt CO2 0.00 0.00 0.02 0.03 0.04 0.04 0.04
DAC Gt CO2 0.00 0.00 0.00 0.54 0.90 1.28 1.93

S6

Total Gt CO2 0.00 0.00 0.05 0.65 1.06 1.49 2.16
H2 Biomass Gt CO2 0.00 0.00 0.05 0.09 0.14 0.21 0.24

BECCS Gt CO2 0.00 0.00 0.02 0.04 0.04 0.04 0.04
DAC Gt CO2 0.00 0.00 0.00 0.47 0.86 1.23 1.85

S7

Total Gt CO2 0.00 0.00 0.07 0.60 1.04 1.48 2.13
H2 Biomass Gt CO2 0.00 0.00 0.02 0.01 0.02 0.03 0.04

BECCS Gt CO2 0.00 0.00 0.00 0.00 0.01 0.01 0.01
DAC Gt CO2 0.00 0.00 0.00 -0.07 -0.04 -0.05 -0.08
Total Gt CO2 0.00 0.00 0.02 -0.05 -0.01 -0.01 -0.03

H2 Biomass % Difference 0.0 -1.0 79.1 19.1 15.5 20.4 21.6
BECCS % Difference 0.0 0.0 15.0 5.5 18.7 18.4 18.8
DAC % Difference 0.0 0.0 0.0 -13.0 -4.5 -4.1 -4.0

S7–S6

Total % Difference 0.0 -1.0 52.1 -8.3 -1.3 -0.7 -1.2
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Table D-32.Annual export volumes of U.S. LNG, GCAM unadjusted global CO2 emissions, NETL-adjusted global CO2 emissions (LHV and HHV) and 
market adjustment factors for S2 vs. S1 (IPCC AR6-100 GWP) (see Table 4 and Table C-13)
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Table D-33. Annual export volumes of U.S. LNG, GCAM unadjusted global CO2 emissions, NETL-adjusted global CO2 emissions (LHV and HHV) and 
market adjustment factors for S7 vs. S6 (IPCC AR6-100 GWP) (see Table 5 and Table C-14)
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Table D-34. Annual export volumes of U.S. LNG, GCAM unadjusted global CO2 emissions, NETL-adjusted global CO2 emissions (LHV and HHV) and 
market adjustment factors for S2 vs. S1 (IPCC AR6-20 GWP) (see Table C-13)
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Table D-35. Annual export volumes of U.S. LNG, GCAM unadjusted global CO2 emissions, NETL-adjusted global CO2 emissions (LHV and HHV) and 
market adjustment factors for S7 vs. S6 (IPCC AR6-20 GWP) (see Table C-14)
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Table D-36. Annual export volumes of U.S. LNG, GCAM unadjusted global CO2 emissions, NETL-adjusted global CO2 emissions (LHV and HHV) and 
market adjustment factors for S2 vs. S1 (IPCC AR5-100 GWP with carbon climate feedback) (see Table C-13)
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Table D- 37. Annual export volumes of U.S. LNG, GCAM unadjusted global CO2 emissions, NETL-adjusted global CO2 emissions (LHV and HHV) and 
market adjustment factors for S7 vs. S6 (IPCC AR5-100 GWP with carbon climate feedback) (see Table C-14)
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Table D-38. Annual export volumes of U.S. LNG, GCAM unadjusted global CO2 emissions, NETL-adjusted global CO2 emissions (LHV and HHV) and 
market adjustment factors for S2 vs. S1 (IPCC AR5-20 GWP with carbon climate feedback) (see Table C-13)
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Table D-39. Annual export volumes of U.S. LNG, GCAM unadjusted global CO2 emissions, NETL-adjusted global CO2 emissions (LHV and HHV) and 
market adjustment factors for S7 vs. S6 (IPCC AR5-20 GWP with carbon climate feedback) (see Table C-14)
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that is sufficient to cause a target rock formation to break (i.e., fracture) (USGS, 2019).c As the 
rock is fractured, natural gas that would have otherwise remained trapped is able to be 
released into a wellbore and returned to the surface (USGS, 2019). 

The iInternal pressure caused by the fracturing of the rock formation also releases fluid, which 
travels to the surface through the wellbore. This fluid is commonly referred to as “flowback” or 
“produced water” and may contain the injected chemicals in addition to any naturally occurring 
materials found below the surface (e.g., brines, metals, radionuclides, and hydrocarbons). The 
fluid is typically stored on site in tanks or pits before it is treated and disposed of or recycled. In 
many cases, disposing of the fluid involves injecting it underground. In areas where 
underground injection is not an option, the fluid can either be reused or processed by a 
wastewater treatment facility and subsequently discharged into surface water. 

Hydraulic fracturing has been applied since the late 1940s when Standard Oil of Indiana (later 
known as Amoco) developed the technique and performed some of the first fracture 
treatments in the Hugoton Gas Field in Kansas (BP, 2017).  While the use of hydraulic fracturing 
is not limited only to wells that are horizontally drilled, the combination of horizontal drilling 
and hydraulic fracturing has increased the volume of domestic natural gas considered to be 
“technically recoverable” (i.e., able to be produced using currently available technology and 
industry practices regardless of any economic considerations). 

The process of horizontal drilling involves first drilling a vertical well. Once a certain depth has 
been reached with the vertical well, the path of drilling is bent until the well begins to extend 
horizontally. Horizontal wells are not only longer than vertical wells, but the process is much 
more complex. As such, aA horizontal well is therefore generally more expensive to drill than a 
vertical well, but it is expected to produce more natural gas (EIA, 2018). The horizontal section, 
sometimes referred to as  or directionally drilled section,n of a well can extend thousands of 
feet (ft). Exhibit 1-1 provides a schematic of conventional natural gas and the various types of 
unconventional natural gas resources described previously (EIA, 2023b). Exhibit 1-2 provides a 
schematic of the hydraulic fracturing process (BP, 2017).

c The specific types of chemical additives used, and the proportions of each, depend on the type of rock formation that 
is being fractured. Additives function as friction reducers, biocides, oxygen (O2) scavengers, stabilizers, and acids, all of 
which are necessary to optimize production. The composition of these fluids and the purposes of the additives are 
described in more detail in Chapter 4 – Water Use and Quality.
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Exhibit 1 5. Natural gas consumption and dry production projections through 2050

Source: EIA (2023a)

The AEO2023 reference scenario also projects that exports of natural gas, primarily LNG, will 
continue to increase between now and around 2035 (see Exhibit 1 6).

Exhibit 1 6. U.S. LNG export projections through 2050 

Source: EIA (2023a)

1.3 U.S. REGULATORY FRAMEWORK AND FEDERAL RESEARCH AND 
DEVELOPMENT PROGRAMS

The following sub-sections provide a review of both federal and state regulatory responsibilities 
related to the production, transportation, use, and export of domestic natural gas resources. 





POTENTIAL ENVIRONMENTAL IMPACTS ASSOCIATED WITH UNCONVENTIONAL NATURAL 
GAS

10 
INTERNAL USE ONLY – NOT APPROVED FOR PUBLIC RELEASE

provides some examples of federal statutes that apply to unconventional natural gas 
development.
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Exhibit 1-6. Selected federal regulations that apply to unconventional oil and gas development

Statutes Applicability

Clean Air Act

Places requirements on air emissions from sources of emissions at well sites; 
addresses compliance with existing and new air regulations, often delegated to local 
and state agencies. Generally, there is no distinction made between conventional 
and unconventional wells under the Clean Air Act.

Comprehensive 
Environmental Response, 

Compensation, and 
Liability Act

Only applies if hazardous substances besides crude oil or natural gas are released in 
quantities that require reporting. Natural gas releases do not require notification 
under the Comprehensive Environmental Response, Compensation, and Liability Act, 
but other hazardous substances may be released in reportable quantities during 
natural gas production.

Clean Water Act

Limits pollutants on produced water discharge under the National Pollutant 
Discharge Elimination System; stormwater runoff containing sediment that would 
cause a water-quality violation requires a permit under Clean Water Act decisions. 
Beneficial uses of surface waters are protected under Section 303.

Emergency Planning and 
Community Right-to-

Know Act

Requires facilities storing hazardous chemicals above the threshold to report same 
and provide a Material Safety Data Sheet to officials and fire departments.

Endangered Species Act

Prohibits federal agencies from taking any action that is likely to jeopardize the 
continued existence of any endangered or threatened species (listed species) or 
result in the destruction or adverse modification of such species’ designated critical 
habitat (Section 7); prohibits the taking of a listed species (Section 9); allows the Fish 
and Wildlife Service and National Marine Fisheries Service to issue a permit, 
accompanied by an approved habitat conservation plan, that allows for the 
incidental, non-purposeful “take” of a listed species under their jurisdictions (Section 
10).

National Environmental 
Policy Act

Requires analysis of potential environmental impacts of proposed federal actions, 
such as approvals for exploration and production on federal lands.

Oil Pollution Act
Identifies spill prevention requirements, reporting obligations, and response 
planning (measures that will be implemented in the case of release of oil or other 
hazardous substances).

Resource Conservation 
and Recovery Act

Addresses non-hazardous solid wastes under Subtitle D. The Solid Waste Disposal 
Act exempts many wastes produced during the development of natural gas 
resources, including drilling fluids and produced water. EPA has determined that 
other federal and state regulations are more effective at protecting health and the 
environment. 

Safe Drinking Water Act

Prevents the injection of liquid waste into underground drinking water sources 
through the Underground Injection Control (UIC) program. Fluids other than diesel 
fuel do not require a UIC permit. The UIC program gives requirements for siting, 
construction, operation, closure, and financial responsibility. Forty states control 
their own UIC programs.

1.3.1.1 Bureau of Land Management
BLM manages the U.S. government’s onshore subsurface mineral estate, an area of about 700 
million (MM) acres held jointly by BLM, USFS, and other federal agencies and surface owners. 
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• OAC 1501:9-9-05 specifies tank location restrictions, including setbacks from public 
roads, inhabited structures, wells, heaters, and other equipment.

• OAC 1501:9-9-03 requires pits of sufficient size and shape to be constructed adjacent to 
each drilling well to contain all the drilling muds, cuttings, saltwater, and oil.

• OAC 1501:9-9-05 specifies that where a hazard exists, any production equipment at the 
wellhead and related storage tanks must be protected by an earthen dike or earthen pit 
with a capacity to contain any substances produced by operation of the related oil or 
gas well.

• ORC 1509.072 discusses the obligation to restore the land surfaces after drilling 
operations have ceased, including removing all equipment, revegetating the affected 
area, preventing sedimentation and erosion, and authorizing the chief retains in the 
closure of a well.

• ORC 1509.22 discusses the prohibition of water contamination and covers storage and 
disposal of brine. This section also discusses the storage of waste fluids and the 
management allowances for these fluids.

1.3.2.2 Oklahoma
Regulations concerning technical requirements for oil field waste pits in Oklahoma are found 
primarily in Oklahoma Administrative Code, Title 165, Chapter 10, Subchapters 3 and 7 as 
regulated by the Oklahoma Corporation Commission Division of Oil and Gas. Regulations 
relevant to this addendum include the following:

• 165: 10-7-16 details minimum technical design standards for waste pits. 

• 165:10-7-5 details operating requirements for pits, specifically operating standards in 
the event of a discharge, including reporting details and requirements along with 
record-keeping requirements.

• 165:10-7-16.(d) details operating requirements for oil and gas exploration and 
production activity pits.

• 165:10-3-16.(e) details closure requirements for pits.

• 165:10-3-17 details further closure requirements, primarily the return of the surface 
conditions at the site of the pit to their original state, free of trash, debris, and 
equipment, within 90 days of the completion of well activities.

1.3.2.3 Pennsylvania
Regulations concerning technical requirements for oil field waste pits in Pennsylvania are found 
primarily in Pennsylvania Code, Title 25 (Environmental Protection), Part 1 (Department of 
Environmental Protection), Subpart C (Protection of Natural Resources), Article I (Land 
Resources), Chapter 78 (Oil and Gas Wells) and Chapter 91 (General Provisions). Additional 
language can be found in Pennsylvania (PA) Act 13 of 2012. Regulations relevant to this 
addendum include the following:
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• PA Act 13 of 2012 §3215 prevents wells from being sited in any floodplain if the well is 
to employ a pit or impoundment or a tank managing solid wastes from oil and gas 
exploration and production.

• PA Act 13 of 2012 §3216 requires that a well site be restored following cessation of 
drilling operations. This includes restoration of the earthwork or soil disturbed, removal 
of all drilling supplies and equipment within nine months after completion of the drilling 
well, and compliance with all applicable requirements of the Clean Streams Law. The 
restoration period is subject to an extension if certain conditions are met.

• PA Act 13 of 2012 §78.56 details requirements for pits and tanks that are used to 
manage waste temporarily. Some requirements include a minimum of 2 ft of freeboard 
for pits or impoundments, structural soundness of pits and tanks, minimum liner 
requirements, and waste separations and prohibitions.

• PA Act 13 of 2012 §78.57 details requirements for management of production fluids, 
including collection of brine and other fluids from the well operations, requirements for 
pits, removal and disposal of fluids, and restoration of the waste management units or 
facilities following the closure or cessation of operations.

• PA Act 13 of 2012 §78.61 details the requirements for disposal of drill cuttings, including 
criteria to be met to allow for disposal in a pit, criteria to be met to allow for disposal by 
land application, other methods of disposal of drill cuttings, and compliance 
requirements for disposal.

• PA Act 13 of 2012 §78.64 details secondary containment criteria to be met for tanks 
used on drill sites, including required capacity and inspection requirements.

• PA Act 13 of 2012 §78.65 details site restoration requirements following the cessation of 
operations at a well site.

1.3.2.4 Texas
Regulations concerning technical requirements for solid waste management of oil and gas 
exploration, production, and development in Texas are found primarily in the Texas 
Administrative Code, Title 16, Part 1, Chapters 1–20. The Railroad Commission of Texas (RRC) is 
the primary authority in Texas regarding the regulation of oil and natural gas. Regulations 
relevant to this addendum include the following:

• Rule §3.3 details that all tanks must be clearly identified by signage at all times.

• Rule §3.5 details that a permit is required, issued by the RRC, in order to drill, deepen, 
plug back, or reenter any oil, gas, or geothermal resource well. The rule does not include 
any required specifications for waste management in the permit.

• Rule §3.8 defines the various types and functions of pits that are to be found in the 
regulations. Additionally, the rule defines oil and gas waste. The rule sets forthdefines 
what types of pits are prohibited, including for the storage of oil products, the 
requirement to obtain a permit for constructing and operating a pit, authorized disposal 
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• §35-1-7 details requirements for dikes, berms, and retaining walls at oil and gas 
operations, requirements for secondary containment of tanks or tank systems, and 
other associated mechanical operational requirements.

• §35-4-16 details design and operation criteria for pits and impoundments.

• §35-4-21 describes design and construction requirements for pits and impoundments 
with a capacity greater than 5,000 barrels, including inspections.

• §35-2-3 requires that a permit be obtained by the Division of Environmental Protection, 
Office of Oil and Gas prior to the commencement of  any solid waste management  
efforts facilities at the site of oil and gas exploration and production site.

• §35-4-10 details financial assurance requirements for oil and gas exploration and 
production activities, including the demonstration of financial responsibility of individual 
and grouped wells, coincidence with permit application for financial assurance, and the 
varying forms of financial assurance allowable.

• §35-8-5 details requirements for permits, notice, and review of horizontal wells, 
including siting restrictions, financial assurance for horizontal wells, and permitting 
requirements.
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Exhibit 4-3 from Kondash et al. (2018) indicates that, parallel to the increase in lateral lengths of 
the horizontal wells and hydrocarbon extraction yields through time, the water use has also 
increased. The relative increase in lateral length (4–60 percent) was, however, significantly 
lower than the increase in water use (14–770 percent). When water use per well is normalized 
to the length of lateral section of the horizontal well, in almost every case among oil producing 
regions, an increase in water use per length of the horizontal well is observed. This pattern is 
most evident in the Permian region, where water use increased from 4.4 cubic meter (m3) per 
meter in 2011 to 29.3 m3 per meter in 2016 for gas-producing wells, and from 3.9 m3 per meter 
in 2011 to 21.1 m3 per meter in oil-producing wells. In all cases, with the exception of the 
Marcellus shale play in 2016, the flowback and produced (FP) water generation was also 
increaseding through time, with particularly higher rates after 2014. 

Exhibit 4-3. Water usage and lateral length by shale play 

Used with permission from Kondash et al. (2018) 

Kondash et al. (2018) also illustrate water conditions where the major plays across the United 
States are located, see Exhibit 4-4. The Bakken, Niobara, Permian and Eagle Ford plays are all 
located in arid to extremely dry climates where drought conditions have persisted for many 
years. 
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Exhibit 4-4. Baseline water stress and location of shale plays

Permission pending from Kondash et al. (2018)

4.1.2 Water Quality
Concerns have been raised about potential public health effects that may arise if hydraulic 
fracturing-related chemicals were to impact drinking water supplies. The chronic oral toxicity 
values—specifically, chronic oral reference values (RfVs) for noncancer effects, and oral slope 
factors (OSFs) for cancer are available for the list of 1,173 chemicals EPA identified as 
“associated with hydraulic fracturing.” These include 1,076 chemicals used in hydraulic 
fracturing fluids and 134 chemicals detected in the flowback or produced waters from 
hydraulically fractured wells. 

EPA compiled RfVs and OSFs for these chemicals using six different governmental and 
intergovernmental data sources. Ninety (8 percent) of the 1,076 chemicals used in hydraulic 
fracturing fluids and 83 (62 percent) of the 134 chemicals found in flowback/produced water 
had a chronic oral RfV or OSF reported in at least one or more of the six data sources used. 
Thirty-six of the chemicals used in hydraulic fracturing fluids have been measured in at least 10 
percent of the hydraulically fracted wells drilled nationwide (identified from EPA’s analysis of 
the FracFocus Chemical Disclosure Registry 1.0). Eight of these 36 chemicals (22 percent) had an 
available chronic oral RfV. The lack of chronic oral RfVs and OSFs for the majority of these 
chemicals highlights the significant knowledge gap that exists to assess the potential human 
health hazards associated with hydraulic fracturing (Yost et al., 2016).

Ecological risks to surface waters are present throughout the well life cycle and may manifest 
themselves differently locally compared to regionally. These risks can also vary temporally, as 
development activity like surface water withdrawal may only result in a single, brief impact, 
while the network of roads required for accessing the well pads could increase erosion and 
sediment runoff for years. Previous work identified the primary risks to surface water quality as 
sediment runoff from devegetation, leakage and spillage of chemicals into surface waters, 
unsustainable water withdrawal, landscape fragmentation, and insufficient treatment of oil and 
gas wastewater prior to discharge (Krupnick, Gordon, and Olmstead, 2013; Slonecker et al., 
2012; Drohan et al., 2012; Kiviat, 2013). Unfortunately, few sites exist where baseline 
environmental monitoring occurred prior to hydraulic fracturing operations commencing 
(McBroom, Thomas, and Zhang, 2012). This greatly complicates efforts to precisely quantify 
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Exhibit 4-5. Water withdrawal regulations by state

Used with permission from Richardson et al. (2013)

In many cases, states where hydraulic fracturing is taking place have had to set their own 
regulations. The following is a list of examples of state-based water regulations related to 
hydraulic fracturing. This list is not exhaustive. 

4.2.1 Pennsylvania
Pennsylvania is leading the way in requiring strong disclosure of freshwater and recycled water 
use during hydraulic fracturing. Within 30 days after completion of a well, the operator must 
submit a completion report to the Pennsylvania Department of Environmental Protection 
(PADEP). That report must include a stimulation record, which provides technical details 
associated with hydraulic fracturing, and list water resources that were used under an 
approved water management plan, including volume of water used from each source (25 Pa. 
Code § 78.122(b)(6); 25 Pa. Code § 78.122(b)(6)(vi)). Operators must also disclose the volume of 
recycled water used during well drilling (25 Pa. Code § 78.122(b)(6)(vii)). The PADEP then 
reviews individual plans and approves them, provided that water withdrawals:

• Do not adversely affect the quantity or quality of water available to other users of the 
same water sources. 

• Protect and maintain the designated and existing uses of water sources. 

• Do not cause adverse impact to water quality in the watershed considered as a whole. 

• Are mitigated through a reuse plan for fluids that will be used to hydraulically fracture 
wells (58 Pa. Cons. Stat § 3211(m)(2)).

Other PA water regulations include the following:
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Exhibit 6-3. General procedure for depicting land disturbance from natural gas extraction

Exhibit 6-4 provides an example of energy infrastructure features digitized from 2013 National 
Agricultural Inventory Program satellite imagery overlaid with well locations reported in COGCC 
data. Each mapped feature (or portion thereof) was classified by type (well pad, facility, road, 
or pipeline) and by surface type (disturbed or reclaimed), and well pads and facilities (or 
portions thereof) were assigned an activity status (high, low, or inactive) (Walker et al., 2020).

Exhibit 6-4. Footprint of a well pad and surrounding infrastructure

Used with permission from Walker et al. (2020) 

Each region where natural gas extraction takes place has unique species and habitat thereinthat 
inhabit the particular regions. Within those species, some are more greatly affected than 
others, whether it be core habitat fragmentation orf edging. 
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6.3 NOISE, LIGHT, AND TRAFFIC
Natural gas development processes are associated with both noise and light pollution, which 
can contribute to stress among those living in nearby communities (Down, Armes, Jackson, 
2013; Korfmacher et al., 2013; Peduzzi et al., 2013; Witter et al., 2008a; Witter et al., 2008b). 
Construction, vehicles, drilling, compressors, flaring, and other processing equipment and 
facilities can all pollute through excessive noise and continuous illumination (Cleary, 2012).

6.3.1 Noise Pollution
The A health impact assessment in Colorado identified noise pollution as an area of concern 
and noted that it occurs during drilling and completion operations, flaring, and  because ofas a 
result of vehicular traffic (Witter et al., 2013). Workers can be exposed to noise through many 
sources on site, including diesel engines, drilling, generators, mechanical brakes, operation of 
heavy equipment operations, and radiator fans (Witter et al., 2014); therefore, hearing 
impairment is a noise-related health concern for workers on site. 

A biomonitoring study from Texas found residents reporting concerns about odors and noise 
apparently related to shale gas well and compressor station operations, although this was a 
separate, independent component from the biomonitoring portion designed in order to 
address residents' concerns (Texas Department of State Health Services, 2010). While the 
authors noted that it was difficult to determine if the levels were above acceptable limits that 
may be harmful to human health, and that noise may affect quality of life, this is speculative 
because noise levels were not measured to establish decibels of noise in the study area.

Noise standards for a single well pad may be met; however, the cumulative effects of multiple 
operations in one area might exceed these established decibel levels. In terms of setback 
distances, some noise regulations distinguish between maximum decibels for day and night, 
while others distinguish between maximum decibels for certain phases of the operation such as 
drilling, fracturing, and production; however, there is often variability and, in some areas, it is 
suggested that distances are set as monitoring points, not necessarily points indicative of being 
protective of health (Fry, 2013).

6.3.2 Light Pollution
Light pollution has significant implications for the environment and public health, and its effects 
have become more pronounced over time due to the increasing extent and radiance of 
artificially lit areas (Kyba, 2017). Substantial economic values have been attached to affected 
outcomes, such as biodiversity, recreation, and public health. With respect to human health, 
artificial lights at night are associated with sleep deprivation and mental health (Patel, 2019; 
Xiao, 2020); sleep deprivation, in turn, has been shown to reduce cognition and labor market 
productivity, as well as elevate mortality risks associated with dementia, heart attacks, and 
vehicle accidents (Hafner et al., 2017; Paksarian et al., 2020; Ma et al., 2020; Jin and Ziebarth, 
2020; Prats-Uribe, Tobías, and Prieto-Alhambra, 2018.). A study in Australia quantified the 
financial and non-financial costs of inadequate sleep in 2016–2017 to be $45 B (Hillman et al., 
2018) and another study estimates that $680 B is lost due to sleep deprivation across five 
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required that would include proposed truck routes and assess road conditions along the 
proposed routes. Exhibit 6-5 tabulates the number of truck trips for a typical shale gas well 
(Massachusetts Institute of Technology [MIT], 2011).

Exhibit 6-5. Truck trips for a typical shale gas well drilling and completion

Activity 1 Rig, 1 Well 2 Rigs, 8 Wells

Pad and Road Construction 10–45 10–45

Drilling Rig 300 60

Drilling Fluid and Materials 25–50 200–400

Drilling Equipment (casing, drill pipe, etc.) 25–50 200–400

Completion Rig 15 30

Completion Fluid and Materials 10–20 80–160

Completion Equipment (pipe, wellhead, etc.) 5 10

Fracturing Equipment (pump trucks, tanks, etc.) 150–200 300–400

Fracture Water 400–600 3,200–4,800

Fracture Sand 20–25 160–200

Flowback Water Disposal 200–300 1,600–2,400

TOTAL 1,160–1,610 5,850–8,905

The large volumes of water involved in hydraulic fracturing operations can create high volumes 
of road traffic given the majority of the water used for frackingturing is transported by truck. It 
should be emphasized that the large number of traffic movements shown in the table above 
are worst-case estimates. In particular, re-use of flowback wastewater significantly reduces the 
amount of road traffic associated with hauling water, which represents much of the traffic 
movement. Furthermore, large-scale operators are also using pipelines to transport water to 
the site, substantially reducing the amount of road traffic (MIT, 2011). 

The Eagle Ford Shale Task Force Report for the RRC identified increased traffic and 
deterioration of roads and bridges among the infrastructure impacts from shale gas 
development (Porter, 2013). Exhibit 6-6 lists estimates of the number of truck-trips-per-shale-
gas-well in the Eagle Ford (Porter, 2013).

Exhibit 6-6. Loaded truck trips per gas well

Activity Number of Loaded Trucks

Bring well into production 1,184

Maintain production (per year) Up to 353

Re-fracturing (every 5 years) 997

These impacts are enough of a concern that the task force considered alternative financing 
methods to help meet the increased demands on roads and bridges (Porter, 2013). 
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7.2.1 Distributional Justice
Distributional justice is focused primarily on both the equitable and inequitable distribution of 
benefits and dis benefits across communities (Spurlock et al., 2022). It is a concept focused on 
the well-being of individuals, which spans the gambit of human outcomes such as psychological 
well-being, societal well-being, and physiological well-being (Deutsch, 1975). Distributional 
justice delves into the nuanced context in which equity versus equality versus need may 
dominate in identifying unjust distributions.

Fairness is a key concept within distributional justice and can be characterized as a problem for 
geospatial analysis (Bouzarovski and Simcock, 2017). Across the energy supply chain, 
distributional justice is a problem of implied risk responsibility as well as costs and benefits 
(Heffron and McCauley, 2014). In addition to inequities created by a historical lack of 
inclusiveness is the risk that those structural deficits will compound under a changing climate. 
In other words, unless addressed, the deficits of the past will likely increase as the climate 
changes - much like a revolving line of credit tends to grow faster over time when a balance is 
carried from one period to the next.

7.2.2 Procedural Justice
Spurlock et al. (2022) present procedural justice as essentially the effort to include all voices. 
This is the idea that disadvantaged communities are overburdened and underserved, and their 
disenfranchisement can only be corrected when their voices are intentionally included in the 
start-to-finish process of advancing project and policy development. In other words, 
stakeholder engagement must be done early and often to ensure the priorities of 
disadvantaged communities are codified in the priorities of the project or policy.

Procedural justice takes a more holistic view of outcomes from the perspective of group 
perception. Researchers break the impacts of procedural justice into three areas of effect: 
voice, dignitary process, and fair process. The voice effect is the positive behavior observed in 
communities engaged with a decision making process when the individual feels heard. The 
effect of dignitary process is best described as respect. When an individual’s dignity is 
preserved, the community buy-in to the procedure grows. Finally, the fair-process effect 
describes the positive community behaviors that arise when the group perceives the existence 
of procedural justice. In a sense, the effect of fair process augments the effects of the dignitary 
process and the power of voice (Lind and Earley, 1992).

7.2.3 Recognition Justice
At its core, recognition justice deals with respect and consideration. Spurlock et al. (2022) 
present the concept as a demand to recognize that divergent views exist on the best pathways 
for energy project development and strategies to address issues of climate justice. Those views 
reflect the unique, diverse backgrounds of individualthese communities who present the 
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arctic where LNG projects that could act as local development opportunities for increasing local 
incomes are prevented by national policies that have banned energy projects out of the best 
intentions (Nicol and Barnes, 2019).

One obvious benefit of large scale energy project development rests in the rents accrued from 
the project’s completion. Treating these project benefits as a viable source of income that could 
be distributed to disadvantaged communities was explored in Chandrashekeran (2021), who 
studied indigenous populations in Australia after land repossession within Aboriginal 
populations. Chandrashekeran (2021) found that establishing property rights for historically 
disenfranchised populations is a key step in empowering collective negotiations for revenue 
sharing to fund reparations.

7.6 ENERGY GOVERNANCE AND ADAPTIVE MANAGEMENT 
Governance structures play a vital role in the pursuit of energy project development and the 
transition away from fossil fuels, but their ability to provide an equitable or just transition is not 
guaranteed (Moss, 2009). Incorporating the concept of just outcomes begins with the 
governance structures of energy project development and planning (Newell and Mulvaney, 
2013). Those who are in the position of governance are in a position of authority to inculcate 
more equitable outcomes to benefit disadvantaged populations (Florini and Sovacool, 2009).

As Florini and Sovacool (2009) point out, governance is not simply government. While 
governance is an activity in which governments participate it exists as a framework for creating 
and maintaining processes to implement policy. This framework is the conduit for participation 
that brings together government, intergovernmental organizations, private sector market 
participants, and communities to collectively manage a process that ideally serves all groups.

Governance is necessary given the following as a result of two issues with which economists 
often wrestle. One issue is that society is not capable of ensuring equitable access to public 
goods and services without some overarching set of rules to facilitate that outcome and a 
governance structure to underpin such requirements and drive provide oversight over 
implementation. The second issue is that any economic or social activity tends to create what 
economists call “externalities.” That is, there are unintended results that can occur indirectly 
from the consumption of goods, provision of services, or other social interactions stemming 
from these activities. The decommissioning of a coal power plant is a prime example of the 
need for governance to protect the public’s well-being from externalities, as an idle power plant 
could become the source of negative health outcomes for a community without intentional 
efforts to prevent such outcomes. Governance structures are necessary to deal with these two 
conceptual issues because there is no economic incentive to do so otherwise (Florini and 
Sovacool, 2009).

Perspectives can clearly vary within communities and that variation can affect governance 
structures (Wang and Lo, 2021). In studying international natural gas markets, Norouzi (2022) 
notes that the heterogeneity of individual members within a collective community implies that 
international natural gas market outcomes are heavily influenced by individual preferences 
within any collective. Community engagement is important, but it is not the magic elixir that 
solves the problem by itself. Ciplet and Harrison (2019) identify three conflicts that emerge in 
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The calls to advocate for energy justice during this transition have grown as the salience of 
climate change threats grows. Achieving a just transition is largely a functioning of process. The 
once in a lifetime opportunity to restructure current processes around the core concepts of 
distributional, procedural, and recognition justice is significant. Re framing the foundations 
upon which critical U.S. energy infrastructure is built by bringing diverse voices and 
stakeholders to the planning table will help to ensure that the best laid plans produce results 
that facilitate the growth for all, not just some.

To do so, there is a need to accept the existence of frictions innate to energy justice and energy 
poverty. Providing economic growth opportunities in GHG intensive regional economies is as 
paramount as the need for ensuring reliable, affordable, and clean energy for those suffering 
from a historic lack of energy access. This may require adjusting the method of measuring the 
benefits and costs of large scale U.S. energy infrastructure investments. The implementation of 
the Biden Harris Administration’s Justice40 initiative speaks to this effort.

In closing, Tthis chapter provides the framework for pursuing inclusivity goals in its discussion of 
energy justice and energy poverty. The energy transition is presented as a catalyst for pursuing 
change with the intended outcome being a just transition for all. In the end, the vehicle for 
applying energy justice and energy poverty goals rests in the inclusive design of energy 
governance structures. In addition, 

Tthe literature base of energy justice and energy poverty within the space of natural gas and 
LNG market development is strong and growing. With intentionality, the authors of future 
research can help to ameliorate those historical disenfranchisements and provide a framework 
for the kind of shared prosperity that induces strong growth for all.
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I. EXECUTIVE SUMMARY

The Department of Energy (DOE) is responsible for authorizing exports of natural gas, including liquified 
natural gas (LNG), to foreign countries pursuant to section 3 of the Natural Gas Act (NGA), 15 U.S.C. 
717b. For Authorizations relating to those countries which the United States does not have a free trade 
agreement (FTA), 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. 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, have commissioned five studies on the effects of 
increased LNG exports on the U.S. economy and energy markets. This updated study, like the previous 
ones, serves 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 study 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 
comprises of three tasks: 1) a Global Analysis to explore a wide range of scenarios of U.S. LNG exports 
under alternative assumptions about future socioeconomic growth, regional preferences for 
domestically produced natural gas, pace of technological 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 above 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 lifecycle emissions implications of the various levels of U.S. LNG exports derived from the 
domestic and global analyses in tasks 1 and 2.

As part of the Global Analysis, we explore seven scenarios that span a range of plausible U.S. LNG export 
outcomes by 2050 using the Pacific Northwest National Laboratory’s Global Change Analysis Model 
(GCAM) (Table ES 1). GCAM is an open-source model of the global energy, economy, 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 as follows:

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

S2: Market Response (economic solution for U.S. LNG exports)

S3: High Global Demand (economic solution for U.S. LNG exports, higher population growth 
outside of the U.S.)

S4: Regional Import Limits (economic solution for U.S. LNG exports, global focus on maximizing 
local energy sources)

S5: Low-cost Renewables (economic solution for U.S. LNG exports, low costs for renewable 
energy)
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S6: Energy Transition (Ref Cap) (AEO 2023 reference case trajectory for U.S. LNG exports, 
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)

S7: Energy Transition (Mark Resp) (economic solution for U.S. LNG exports, 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)

All of the above 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. 

The U.S. domestic analysis is conducted using the National Energy Modeling System (NEMS). U.S. LNG 
exports (for all scenarios) and CO2 emissions (in scenarios S6 and S7) from NEMS are harmonized to 
values from GCAM. NEMS is then used to explore the implications of the seven global scenarios for 
domestic gas prices, energy system, and macro-economy within the U.S. 

Finally, a life cycle analysis is conducted by assessing the results provided from the domestic and global 
analyses and comparing them to previously completed studies of the domestic natural gas life cycle and 
of LNG delivered around the world. NEMS results are inspected to assess whether the domestic supply 
of natural gas from regional extraction is expected to have a significantly different impact than as 
previously modeled in 2020. GCAM results are assessed and compared to existing DOE life cycle studies 
of natural gas and aligned to have the same GHG intensity for the purposes of consistency. 

Four key insights emerge from this study:  

First, across all modeled scenarios, U.S. LNG exports continue to grow beyond existing and 
planned nameplate capacity (18.7 Bcf/day) through 2050 resulting in wide range of outcomes 
(23-47 Bcf/day, Figure ES-1). The range of U.S. LNG exports from this study is consistent with the 
U.S. EIA’s 2023 Annual Energy Outlook (AEO2023, 15-48 Bcf/day). 

Second, compared to a scenario in which U.S. LNG exports follow the Reference case from the 
AEO2023 (S1, growing to 27.3 Bcf/day by 2050), a scenario that assumes economically driven 
LNG export levels (S2) results in significant growth in U.S. LNG exports to 47 Bcf/day by 2050. 
The availability of additional U.S. gas at competitive prices in the global gas market in the latter 
scenario (S2) results in a reduction in production, reduction in LNG exports, increase in LNG 
imports, and reduction in pipeline trade outside of the U.S. However, global gas consumption 
increases only slightly as the availability of additional U.S. gas does not materially affect the 
competitiveness of gas relative to other fuels globally. Instead, it only results in a shift in the 
regional composition of gas production and trade. Consequently, global and U.S. primary energy 
consumption and GHG emissions also do not change much. The higher U.S. LNG exports also 
results in higher domestic gas prices (2050 gas prices increase from $3.60/MMBtu in S1 to 
$4.75/MMBtu in S2). 

Third, global and U.S. GHG emissions do not change significantly across scenarios S1 through S5 
even though these scenarios vary widely in terms of U.S. LNG export outcomes. Emissions in 
scenarios S6 and S7 are lower than the remaining scenarios as they are constrained to lower 
values by design. 
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The EIA 2014 study included updated export scenarios from 12 to 20 Bcf/day and domestic natural gas 
from AEO2014: the Low and High Oil and Gas Resource scenarios, High Economic Growth, and 
Accelerated Coal and Nuclear Retirements. Increased exports led to increased production and prices 
relative to their respective base scenario, though also higher primary energy consumption and energy-
related CO2 emissions. 

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 determined the international conditions required to provide 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 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 endogenously determined 
for each scenario. The study included 54 different scenarios capturing a broad range of 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 sensitive industries was very small while increased investment raised GDP.
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III. 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. Authorizations for 
those countries which the United States does not have a free trade agreement (FTA) requiring national 
treatment for trade in natural gas, and with which trade is not prohibited by U.S., are governed by 
Section 3(a). For such applications, NGA section 3(a) provides that DOE provide such authorization for 
the exportation of natural gas unless DOE determines that doing so ‘‘will not be consistent with the 
public interest.’’ 6

DOE has identified a range of factors that it evaluates when reviewing an application for 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.”7

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

This updated study, like the those previous, 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, 
which 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/FECM commissioned OnLocation, Pacific Northwest National Laboratory and the National Energy 
Technology Laboratory (ONL/PNNL/NETL) to assess the economic level of U.S. LNG exports and across 
seven scenarios representing a broad range of economic, environmental, and political scenario, along 
with changes to global greenhouse gas emissions at differing levels of U.S. LNG exports. U.S. LNG exports 
were found using a global equilibrium model and were then input into the domestic model to examine 
the market effects of increased LNG exports, including natural gas price and consumption across sectors 
and changes in U.S. greenhouse gas emissions. Finally, the incumbent lifecycle analysis of U.S. LNG 
exports was expanded through to incorporate market effects from the results of this study. 

B. Purpose of Study

Since the NERA 2018 report was published, several events have altered the explicit and implicit 
assumptions underpinning the global and U.S. natural gas markets. These include i) the issuance of 
additional LNG export authorizations, ii) the Ukrainian-Russia war, iii) global and U.S. greenhouse gas 

6 Natural Gas Act. 15 U.S.C. 717b.
7 Order 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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policy developments, iv) technological change in production, transmission, storage, and end-use of 
natural gas, iv) and the passage of significant energy-related legislation (Bipartisan Infrastructure Law 
(BIL) and Inflation Reduction Act (IRA)).The purpose of this study is to determine the economic level of 
U.S. LNG exports across a wide range of global, and show the potential energy, macroeconomic 
greenhouse gas effects of LNG exports at those levels. The scope of the project required conducting 
three distinct but inter-related analyses: a global analysis of LNG exports, a domestic analysis of the 
impact of LNG exports on the supply and demand of natural gas and on the U.S. economy, and a 
lifecycle analysis of LNG exports informed by the impact on the global energy system of various levels of 
LNG exports. 

This report updates previous analytical work in line with current laws and regulations, as well as 
economic and technology conditions using newly derived scenarios. The seven scenarios chosen are:

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

S2: Market Response (Economic solution for LNG exports)

S3: High Global Demand (Economic solution for LNG exports, higher population growth outside 
of the U.S.)

S4: Regional Import Limits (Economic solution for LNG exports, global focus on maximizing local 
energy sources)

S5: Low-cost Renewables (Economic solution for LNG exports, low costs for variable renewable 
energy technologies)

S6: Energy Transition (Ref Cap) (AEO 2023 reference case trajectory for U.S. LNG exports, 
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)

S7: Energy Transition (Mark Resp) (economic solution for LNG exports, 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 will be described in more detail in Section I.A” 

C. Organization of the Report

The introduction presents the background and purpose of the study. The study methodology, scenario 
design, and key assumptions section introduces the scenarios and the version of the NEMS models used 
for the analysis. The section on energy and climate mitigation technology results gives primary energy 
changes between scenarios and discusses the impact of carbon removal technologies on the Energy 
Transition scenarios. The natural gas market results include the core impact on the natural gas markets 
across the scenarios, including price and consumption of natural gas across sectors. The U.S. macro-
economic outcomes show some key impacts of LNG exports, such as sectoral prices, investment, and 
consumer spending. Finally, the section on greenhouse gas outcomes shows the impact on domestic 
energy-related CO2 emissions across the scenarios.
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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 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.8 For the rest of the world, 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 explore seven scenarios that span 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 exports to EU are decline until 2035 and then remain flat, and LNG exports from 
Russia are flat, 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. are harmonized to the AEO-2023 Reference case. 

The first scenario is a reference scenario, namely, S1: Reference Capacity. 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 (AEO2023) projections to grow to 27.34 Bcf/day in 
2050. The AEO2023 Reference Capacity incorporates U.S. LNG export projects that are either operating 
or under construction as of August 2022 and then adds capacity based on the cost-competitiveness of 
exporting U.S. LNG to the international market including an annual capacity build- constraint. More 
specifically, LNG export facilities have a combined operating capacity of 10.3 Bcf/d with an additional 4.5 
Bcf/d of operating capacity under construction. An additional 12.6 Bcf/d of operating capacity is 
assumed to be constructed in response to international demand for U.S. LNG. The second scenario, S2: 
Market Response, assumes economically driven, market-based outcomes, including for U.S. LNG 
exports. The third scenario, S3: High Global Demand, includes the same assumptions as in scenario S2, 
but assumes a higher population growth in regions outside of the U.S. consistent with the Shared 
Socioeconomic Pathways – 3.9 This results in ~1 billion more people globally in S3 by 2050 compared to 
S1 and S2 and explores the effects of higher U.S. LNG exports driven by higher demand for all energy 
sources (including natural gas) compared to S2. The fourth scenario, S4. Regional Import Limits includes 
the same assumptions as in S2, but with constraints on natural gas imports globally to maximize the use 
of domestically produced 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. The fifth 

8 BP (2022). bp Statistical Review of World Energy. 71st edition. Available at: 
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-
review/bp-stats-review-2022-full-report.pdf
9 Samir, K. C., & Lutz, W. (2017). The human core of the shared socioeconomic pathways: Population scenarios by 
age, sex and level of education for all countries to 2100. Global Environmental Change, 42, 181-192.
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scenario, S5: Low-cost Renewables, 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 S5 are based on the “Low” assumptions. The last two scenarios, namely, 
S6: Energy Transition (Ref Cap), and S7: Energy Transition (Mark Resp), assume an emission pathway 
that is consistent with a global temperature change of 1.5°C by 2100 derived from published peer-
reviewed literature.10,11,12 Both of these scenarios assume that countries achieve their emission pledges 
as made during the 21st 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 that outline plans through the 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 decarbonization rate of 8% that is indicative of strong mitigation policies and significant 
departure from historically observed decarbonization rates.10,11,12 The scenarios assume that countries 
achieve their pledges within their geographic boundaries without trading emissions. S6 differs from S7 in 
that it also limits U.S. LNG exports to the values from the AEO2023 Reference case. A key distinction 
between scenarios S1 and S6 is that while the former assumes the U.S. LNG exports to follow the 
AEO2023 Reference case exactly, the latter assumes the values from the AEO2023 Reference case to be 
an upper bound. Nevertheless, scenario S6 enables comparisons with S1, and scenario S7 enables 
comparisons with S2. 

Table 2. Scenario Descriptions

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

S1: Reference Capacity

Reference scenario that follows EIA’s 2023 
Annual Energy Outlook (AEO) including U.S. 
policy assumptions (including the 2022 
Inflation Reduction Act). Assumes existing 
policies and measures, globally.

Grows to 27.34 Bcf/d 
by 2050

S2: Market Response
Assumes policies consistent with S1 and an 
economic solution for LNG exports.

GCAM Market 
Response

10 Fawcett, A. A., et al. (2015). Can Paris pledges avert severe climate change?. Science, 350(6265), 1168-1169.
11 Ou, Y., Iyer, G., et al. (2021). Can updated climate pledges limit warming well below 2°C?.  Science, 374(6568), 
693-695.
12 Iyer, 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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S3: High Global Demand
Same assumptions as S2, economic solution 
for LNG exports, but higher assumed 
population growth outside of the U.S.

S4: Regional Import 
Limits

Same assumptions as S2, economic solution 
for LNG exports, but constraints on importing 
and exporting natural gas with a global focus 
to maximize use of domestic gas.

S5: Low-cost Renewables 
Same assumptions as S2, economic solution 
for LNG exports, but lower capital costs for 
renewable energy technologies.

S6: Energy Transition 
(Ref Cap)

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 CO2 
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 2050

S7: Energy Transition 
(Mark Resp)

Same emissions pathway assumptions as S6 
but economic solution for LNG exports.

GCAM Market 
Response

B. NEMS Models and Analysis Methodology

1. AEO23-NEMS

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 oil, 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 



DRAFT/DELIBERATIVE/PRE-DECISIONAL

9
DRAFT/DELIBERATIVE/PRE-DECISIONAL

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. AEO23-NEMS is OnLocation’s version of 
the NEMS model, modified to allow exogenous input of U.S. LNG exports. The AEO2023 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 most major provisions of the policy. The model does not 
include carbon capture at industrial sites (ethanol, hydrogen, NGP, cement) or direct air capture. 
Therefore, the IRA 45Q credit for DAC is not included. Similarly, IRA 45V hydrogen credits are also not 
represented in the AEO23 version of NEMS as it does not have the hydrogen module.

2. FECM-NEMS 

FECM-NEMS is based on the AEO22 version of NEMS and uses low economic growth assumptions. It 
assumes a real GDP average growth of 1.8% per year to 2050. The model has been enhanced to 
represent several CO2 mitigation technologies, including carbon capture and sequestration (CCS), direct 
air capture (DAC), bioenergy with CCS (BECCS) and the hydrogen market module (HMM). Industrial 
carbon capture is found in the liquid fuels module which allows the construction of new hydrogen and 
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 CO2 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.

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 CO2 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 modelling updates 
include provisions from the Bipartisan Infrastructure Law (BIL) such as funding for carbon capture demos 
and CO2 transportation and storage infrastructure, 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 net-zero carbon emission scenario.

3. Harmonizing GCAM and NEMS

While GCAM and NEMS are distinct models, coordination between them is necessary to maintain 
consistency and tie the NEMS results back to the global LNG market forecast. Harmonization efforts are 
taken to ensure that LNG exports (for all scenarios) and CO2 emissions (in the net-zero scenarios) are 
consistent across the two models. 

The EIA’s AEO23 reference case is selected to define S1. In AEO23-NEMS, the AEO23 reference case 
solution file is adopted for all variables. LNG exports from the AEO23 reference case are then used as 
exogenous inputs into the GCAM model, in place of endogenous estimates. For S2 through S7, the 
process is reversed: the scenarios were first run in the GCAM model, from which endogenously 
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calculated LNG export curves were taken and input exogenously into AEO23-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 reference scenario AEO2022. In S5, both 
models adjusted power generation technology assumptions consistent with the AEO2022 Low 
Renewable Cost scenario from the AEO.

For S6 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 (CO2, CH4, N2O, F), as well as emissions and removals from land use, land-use change, 
and forestry (LULUCF). These curves are outputs of the model, although the sum of individual emissions 
is defined in the model inputs such that they reach or exceed a net-zero target in 2050. The output 
emissions curves from GCAM were used to specify how the net-zero scenario is implemented in FECM-
NEMS.

The values of CO2 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 S6 and S7) is plotted in Figure 1.

Figure 1. U.S. GHG emissions and removals in the net-zero scenarios
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Referring to this carbon cap each model year, FECM-NEMS calculates emissions and removals 
throughout the model and adjusts a carbon price to equalize them with the carbon cap. With this 
method, FECM-NEMS ensures that the CO2 emissions from the energy sector match the corresponding 
emissions from GCAM. Although FECM-NEMS calculates CH4 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 ends with 187 MMT CO2 in 2050. 
Although this value does not equal zero, it is balanced by the sum of non-energy CO2, non-CO2 GHGs, 
and LULUCF-sector emissions and removals calculated by the GCAM model, which added together total 
-185 MMT CO2 equivalent (the total is negative because of large quantities of LULUCF-sector removals). 
The remaining emissions and removals (non-energy CO2, non-CO2 GHGs, and LULUCF) are treated as 
exogenous to FECM-NEMS and could be added with the endogenous CO2 emissions to calculate net total 
GHG emissions (which would equal near-zero in 2050). The sum of non-energy CO2, non-CO2 GHGs, and 
LULUCF-sector emissions and removals is also plotted in Figure 1.

C. Life Cycle Analysis Model and Analysis Methodology [In Progress]
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B. Global gas consumption, production, and trade under scenarios S1 and S2

Under scenario S1, production, consumption, and trade of gas increase in all regions across the globe 
(Figure 3) driven by growing demands in the electricity generation, industrial, and buildings sectors (see 
Figure A-1 in appendix A). Under S1, U.S. LNG exports follow the AEO2023 Reference case to grow to 
27.34 BCF/day by 2050 (by design). Under S2: Market Response – which assumes economically-driven 
outcomes - U.S. natural gas production and LNG exports increase compared to S1 to satisfy the growing 
demands of natural gas globally (Figure 4). Under S2, U.S. LNG exports grow to ~47 Bcf/day by 2050. In 
this scenario, the availability of additional U.S. gas in the global gas market at competitive prices results 
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 results in higher LNG imports and reduced pipeline trade outside of 
the U.S. However, global gas consumption in S2 increases only by a very small amount (<5% by 2050 
globally compared to S1). This is mainly because, the availability of additional U.S. LNG in the global 
market does not materially affect the relative competitiveness of gas compared to other fuels (e.g., coal, 
oil, renewables, and nuclear) globally. In addition, these scenarios include current emission reduction 
policies in the U.S. and internationally. Hence, the potential for gas consumption to grow in response to 
the availability of additional U.S. gas in the global market is limited. Consequently, global primary energy 
consumption and GHG emissions under S2 do not change much compared to S1 (Figure 5).
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Figure 3. Natural gas consumption, natural gas production, LNG exports , LNG imports, 
pipeline exports, and pipeline imports by region under S1: Reference Capacity from 2015 
through 2050.
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Figure 4. Changes in natural gas consumption, natural gas production, LNG exports, LNG 
imports, pipeline exports, and pipeline imports by region under S2: Market Response relative to 
S1: Reference Capacity 
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Figure 5. Global primary energy consumption by fuel and greenhouse gas emissions by sector 
under the S2: Market Response and the S1: Reference Capacity scenarios. Net greenhouse gas 
emissions are shown as a dot in each bar.

C. Global primary energy consumption by fuel and GHG emissions by sector under S6 
and S7

Under the S6: Energy Transition (Ref Cap), and S7: Energy Transition (Mark Resp) scenarios, global GHG 
emissions from all sectors of the economy reduce significantly compared to S1 and S2 (Figures Figure 6, 
and Figure 7). These scenarios are characterized by a combination of the following decarbonization 
strategies: i.) a reduction in fossil fuel consumption w/o carbon capture utilization and storage (CCUS), 
ii.) increased deployment of CCUS with fossil fuels, iii.) increased deployment of renewables, iv.) a net 
reduction in energy consumption, 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 S1 and S2. Notably, the scale and distribution of CDR deployment varies by type 
and region. By 2050, about 6.8, 4, and 0.4 GtCO2e respectively of BECCS, afforestation, and DAC are 
deployed globally in S6 and S7 (Figure 8). While BECCS and afforestation are distributed more evenly 
across regions, most of the DAC is deployed in the U.S. primarily due to the availability of carbon 
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storage. Note that S6 and S7 do not assume the availability of any emissions trading or offset 
mechanisms. Hence, countries with net-zero pledges – such as the U.S. – are assumed to meet those 
pledges in the stated target years through a combination of the above decarbonization strategies 
including CDR deployment within their own geographic boundaries. Under these scenarios, although 
global GHG emissions are net-positive (~20 GtCO2e), global CO2 emissions are ~0 in 2050. These global 
emissions outcomes are broadly consistent with 1.5°C scenarios in the literature. 

Figure 6. Global primary energy consumption by fuel and GHG emissions by sector under the 
S6: Energy Transition (Ref Cap) and S7: Energy Transition (Mark Resp) scenarios. Net 
greenhouse gas emissions are shown as a dot in each bar.
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Figure 7. Changes in global primary energy consumption by fuel and GHG emissions by sector 
under the S6: Energy Transition (Ref Cap) and S7: Energy Transition (Mark Resp) scenarios 
relative to S1: Reference Capacity and S2: Market Response scenarios respectively
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Figure 8. CDR deployment by type and region in S6 and S7

D. Global gas consumption, production, and trade under scenarios S6 and S7

Under S6 and S7, gas consumption decreases compared to S1 and S2 in most regions largely driven by 
official net-zero pledges that require complete decarbonization of energy systems by 2050 (Figures 
Figure 9 and Figure 10). However, in some regions with net-zero pledges that extend beyond 2050 (e.g., 
India), gas demand continues to grow through 2050 and consumption does not change much compared 
to S1 and S2. Globally, although gas consumption in S6 and S7 is lower compared to S1 and S2, it 
continues to grow due to the deployment of gas with CCUS in power and industrial sectors, and direct 
air capture (DAC) applications (Figure A-2). The lower gas consumption in S6 and S7 compared to S1 and 
S2 results in lower global production, LNG exports, and LNG imports. 
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Figure 9. Natural gas markets in S6 and S7.production, natural gas consumption, LNG exports, 
LNG imports, pipeline exports, and pipeline imports by region under S6: Energy Transition (Ref 
Cap) and S7: Energy Transition (Mark Resp)

Figure 10. Changes in natural gas markets in S6 vs. S1. production, natural gas consumption, 
LNG exports, LNG imports, pipeline exports, and pipeline imports by region under S6: Energy 
Transition (Ref Cap) relative to S1: Reference Capacity and S7: Energy Transition (Mark Resp) 
relative to S2: Market Response.
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S6 and S7 differ in the role of U.S. LNG exports in the global gas market (Figure 11). By 2050, U.S. LNG 
exports in S6 are not different from S1 because this scenario assumes the S1 values (which are in turn 
based on AEO2023) as an upper bound. Under S7 – which assumes economically driven outcomes - U.S. 
LNG exports continue to grow and increase beyond S6 – particularly after 2040 – to meet the global 
demand for gas, a growing share of which is deployed in combination with CCUS in the power and 
industrial sectors (Figure A-1). Similar to the comparison between S1 and S2, the availability of 
additional U.S. LNG in S7 results in a very small increase in gas consumption, reduction in production, 
reduction in LNG exports, increase in LNG imports, and reduction in pipeline trade in the rest of the 
world compared to S6.

Figure 11. Changes in natural gas markets in S6 vs. S7. production, natural gas consumption, 
LNG exports, LNG imports, pipeline exports, and pipeline imports by region under S7: Energy 
Transition (Mark Resp) relative to S6: Energy Transition (Ref Cap).

E. Global primary energy consumption and greenhouse gas emissions across all 
scenarios

Overall, the seven scenarios explored in this study result in a range of outcomes for global energy 
consumption and emissions by 2050 (Figure 12). While total energy consumption and GHG emissions are 
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the highest under the S3 scenario driven by higher population growth and associated increases in energy 
demand, the fuel composition and sectoral allocation of GHG emissions are relatively similar across 
scenarios S1 through S5. In addition, total emissions in 2050 under scenarios S1 through S5 are relatively 
similar to 2015 levels because these scenarios include current policies and measures to reduce 
emissions.11,12 However, energy consumption in 2050 is significantly higher compared to 2015 in these 
scenarios driven by growing population and economic growth. By contrast, total energy and emissions 
are lowest in scenarios S6 and S7 due to the emission pledges. As described earlier, these scenarios are 
also characterized by significant changes in the fuel composition of global energy consumption and the 
deployment of carbon dioxide removal technologies. 

Figure 12. Primary energy consumption by fuel and GHG emissions by sector in 2015 and 2050 
under all scenarios. Net greenhouse gas emissions are shown as a dot in each bar. 

F. Implications for U.S. Energy Systems

United States LNG exports have steadily increased since 2016 when two liquefaction trains at Sabine Pass, 
Louisiana went online with a total capacity of 1.2 bcf/day (432 bcf per annum).13 As of 2022 U.S. LNG 
exported averaged around 11.2 (Bcf/d) making the U.S. the largest LNG exporter globally. The growth in 
the U.S. LNG export market is largely attributed to the availability of recoverable resources, particularly 
tight and shale gas.14 Technological developments in hydraulic fracturing and horizontal drilling enabled 
the extraction of natural gas from such unconventional resources. According to the 2023 Annual Energy 
Outlook published by Energy Information Administration the U.S had about 2,973 Tcf of technically 
recoverable natural gas resources from both conventional and unconventional resources. Tight and shale 
gas accounts for approximately two-thirds of the total natural gas resource.

13 GIIGNL. (2017). The LNG Industry GIIGNL Annual Report. Available at: https://giignl.org/wp-
content/uploads/2021/08/giignl_2017_report_2.pdf.
14 U.S. EIA. (2023). Annual Energy Outlook 2023. Available at: 
https://www.eia.gov/outlooks/aeo/narrative/index.php
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1. Energy Impacts 

Figure 13. U.S. Primary Energy Consumption S6 and S7.

Figure 13 shows primary energy consumption across the Net-Zero scenarios in 2025 and 2050. In 2025, 
U.S. primary energy consumption is predominantly driven by fossil fuels, which account for 85% of the 
total energy use. By 2050, energy consumption rises across both scenarios relative to 2025, 
distinguished by a notable increase in biomass and other renewables. Relative to S6, increased LNG 
exports in S7 put pressure on the natural gas market, leading to slightly higher end-use prices, more 
expensive mitigation strategies and an implied carbon tax. Biomass and other renewable sources grow 
by 22.3 and 22.1 quadrillion BTUs from 2025 in the S6 and S7 cases respectively, thereby contributing 
32.1% of the total energy consumption in both cases. Natural gas consumption increases from 33 
quadrillion BTUs in 2025 to 42.5 and 42.1 quadrillion BTUs in the energy transition scenarios S6 and S7 
respectively. Remaining primary energy, primarily petroleum, decreases across both cases from 45.2 
quadrillion BTUs in 2025 to 34.4 quadrillion BTUs in S6 and 34.0 quadrillion BTUs in S7 by 2050.
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Figure 14. U.S. Primary Energy Consumption S1 – S5.

In 2025, the primary energy consumption at approximately 98 quadrillion BTUs in scenarios S1 through 
S5. By 2050, all scenarios see an increase in total energy consumption, exceeding 105 quadrillion BTUs. 
The highest energy consumption is recorded in scenario S5 at 109 quadrillion BTUs, and the lowest 
consumption is in scenario S4 at 105 quadrillion BTUs. 

The availability of low-cost renewables in scenario S5 fosters the deployment of biomass and other 
renewable energy sources. A substantial decrease is noted in coal usage, with the most significant 
reduction occurring in scenario S5. Natural gas consumption remains steady across scenarios S1 through 
S4, hovering around 31 quadrillion BTUs, but experiences a decline to 27 quadrillion BTUs in scenario S5. 

2. Natural Gas Market Results

a) Natural gas production and consumption, S1 through S5

U.S. natural gas production increases across most cases to maintain the elevated export volumes. U.S. 
natural gas consumption, on the other hand, is relatively unchanged across the first four scenarios. 
Figure 15 plots total U.S. natural gas production and consumption values over time.
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Figure 15. Total U.S. natural gas production and consumption volumes over time, by scenario

From a starting point of 33.5 Tcf of natural gas production in 2020 (equal to 91.5 Bcf/d), production in 
each scenario increases following a path that correlates with their LNG export curve. Natural gas 
production in S1, S2, and S3 follows a similar trajectory by 2035, reaching 39.4-39.5 Tcf. S1 production 
then slows through 2040 and reaches a peak of 42.0 Tcf by 2050. S2 and S3 production values accelerate 
through 2050, reaching 49.0 Tcf and 49.5 Tcf, respectively. Similar to the trends in LNG exports, S4 
production exhibits the lowest values for most of the model time, ending slightly below S1 at 40.7 Tcf in 
2050. S5 production exhibits the same general path as S2 and S3, but grows more slowly, reaching 38.2 
Tcf and 45.7 Tcf in 2035 and 2050, respectively.

The natural gas consumption volumes from S1-S3 follow similar paths, dipping from 30.5 Tcf in 2020 to 
27.4-27.6 Tcf in 2035 before ramping up to 29.6-29.8 Tcf in 2050. Although S4 had exhibited lower LNG 
export and natural gas production quantities, the consumption volumes in S4 remain slightly higher than 
the volumes in S1-S3 through most of model years, equalizing with S1-S3 in the final timestep. S4 
reports 28.5 Tcf of natural gas consumption in 2035 and 29.8 Tcf in 2050. S5 is the largest outlier with 
the lowest consumption of 26.2 Tcf in 2035 and almost no change in consumption values between 2035 
and 2050.

The reduced natural gas production and consumption volumes from S5 (when compared to S2 and S3) 
are explained by the effect of low renewables costs on the energy system. Because S5 adopts many of 
the same inputs as EIA’s AEO23-NEMS low zero-carbon technology cost case, it exhibits the same 
behavior of switching from natural gas to cheaper renewable energy sources, affecting both production 
and consumption. The remaining scenarios show similar levels of natural gas consumption, but different 
levels of natural gas production, suggesting that most increases in natural gas production are passing 
directly to LNG exports.

b) Natural gas production and consumption, net-zero scenarios

Figure 16 plots the natural gas production and consumption for the two net-zero scenarios.

S6 and S7 production are 37.6 Tcf and 37.1 Tcf in 2035, respectively, but quickly rise to 54.7 Tcf and 56.5 
Tcf by 2050. S6 and S7 exhibit a flatter trend in total consumption through 2040, but reach 41.9 Tcf and 
41.5 Tcf, respectively, by 2050. The differences between the two net-zero scenarios are similar to 
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differences observed between S1 through S5: changes in production are correlated with changes in LNG 
exports, but differences in consumption between scenarios are minimal. 

Figure 16 Total U.S. natural gas production and consumption volumes net-zero scenarios

The rapid increase in natural gas production and consumption for the net-zero scenarios after 2040 
comes from a substantial increase in natural gas to power direct air capture (DAC) facilities, plotted in 
Figure B-5Error! Reference source not found. of the appendices. Natural gas consumption accounts for 
16.8 Tcf and 16.2 Tcf in 2050 for S6 and S7, respectively. More detail on CO2 emissions and removals is 
given later in I.F.4Error! Reference source not found. “U.S. Greenhouse Gas Results”.

c) Natural Gas Henry Hub Prices and Impact on Consumption

Although total U.S. natural gas consumption volumes are similar across the first five scenarios, the 
increased LNG exports have a moderate effect on natural gas prices. The natural gas price of the net-
zero scenarios rises above the prices from S1 through S5, driven mostly by demand for natural gas to 
power DAC facilities. Figure 17 plots the natural gas price at the Henry Hub in $2022/Mcf over time for 
all scenarios. 
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Figure 17. Total U.S. natural gas Henry Hub price by scenario

The natural gas price in S1 shows some early fluctuations associated with short-term effects from 
historical data before increasing to a maximum of $3.80/Mcf in 2040 and easing to $3.61/Mcf in 2050. 
The natural gas prices in S2, S3, and S5 are mostly consistent with the reference case up through 2035 
but ultimately rise to levels of $4.74/Mcf, $4.79/Mcf, and $4.35/Mcf, respectively, by 2050. The 
difference in prices correlate with the differences in their LNG export curves, while LNG exports in S1 
plateau after 2035 and see a drop in natural gas prices. Scenarios S2, S3, and S5 all exhibit both 
increasing exports and prices. S4 has lower natural gas prices over most of the modeling period, but 
ultimately exceeds S1 in 2050 with a price of $3.84/Mcf; the persistent increase in S4 prices after 2030 is 
consistent with increases in LNG exports throughout the same time period.

The influence of LNG exports on natural gas prices shown in Figure 17 is similar to the effect reported by 
EIA in their May 2023 “Issues in Focus” report on LNG.15 The EIA’s “Fast Builds Plus High LNG Price” case, 
which modeled the effect on U.S. energy markets of accelerated construction of LNG infrastructure in an 
environment with elevated international demand for LNG, reported a 2050 natural gas price of 
$4.81/MMBtu (equal to $4.64/Mcf) at 48.2 Bcf/d of exports. These values are close to the results from 
S2 of $4.74/Mcf) at 47.2 Bcf/d of exports and demonstrate good agreement between the two studies on 
the relationship between LNG exports and natural gas prices.

Overall U.S. natural gas consumption does not change appreciably in response to higher prices, but 
there are some shifts in consumption behavior on a sector-by-sector basis. These sector-specific 
differences are presented in greater detail in Figure B-3.

The natural gas price of the net-zero scenarios rises above the prices from S1 through S5, driven mostly 
by demand for natural gas to power DAC facilities. Natural gas prices for the net-zero scenarios are 
similar to prices in S1 through 2030, but afterwards rapidly increase on a trajectory consistent with the 
growth of DAC. S6 and S7 reach prices of $5.90/Mcf and $5.77/Mcf, respectively, by 2050. The 
difference in price between S6 and S7 is within the tolerance of the model.

15 U.S. EIA (2023). AEO2023 Issues in Focus: Effects of Liquefied Natural Gas Exports on the U.S. Natural Gas 
Market. Available at: https://www.eia.gov/outlooks/aeo/IIF_LNG/pdf/LNG_Issue_in_Focus.pdf.
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3. U.S. Macroeconomic Outcomes 

While NEMS has rich detail about the energy system, a separate macroeconomic activity module (MAM) 
provides projections of economic drivers underpinning NEMS’ energy supply, demand, and conversion 
modules. The MAM incorporates IHS Markit’s (now S&P Global) model of the U.S. economy, along with 
EIA’s extensions of industrial output, employment, and models of regional economies. The IHS Markit 
module is modified to include EIA’s assumptions on key assumptions, such as world oil price, yielding a 
baseline trajectory of the economy. Within a NEMS scenario, feedback from the other NEMS modules 
includes: 

• Production of energy, including coal, natural gas, petroleum, biomass, and other fuels,
• Trade in energy, including net exports coal, petroleum, natural gas, and biofuels
• Total and end-use demand for energy, including sales of electricity
• Consumer spending on energy, disaggregated to fuel oil motor fuels, electricity, natural gas, and 

highway consumption of gasoline
• Energy prices, including a price index for consumer prices and wholesale price 
• Industrial production indices for oil and gas extraction and coal mining. 

Since the MAM does not track individual projects, GDP estimates do not include economic activity 
associated with specific export facilities and thus the impacts are approximate.

a) Macroeconomic Effects – Total Economic Activity (GDP)

Figure 18. U.S. Real GDP changes

As shown in U.S. GDP growth rate remains essentially constant across all five scenarios, increasing at 
1.9% annually. Higher natural gas exports result in higher prices, reducing economic activity in some 
sectors but increasing in others. The impact of increased exports is positive through 2045. Accelerating 
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prices in the last five years of the projection period tend to slightly reduce overall economic growth. 
Overall, GDP changes in 2050 are relative to 2020 are within .3% across all five scenarios.

b) Consumer Effects

Figure 19. U.S. Residential Gas Prices

Figure 19 shows the residential natural gas price in each of the five key scenarios. Natural gas prices are 
highest when exports are highest, in the S3, Higher Global demand. Overall, natural gas price increases 
only exceed 4 percent over the S1 scenario in the final years of the S3 scenario, otherwise prices are 
essentially unchanged across the scenarios.

c) Aggregate Consumption and Investment Effects

Figure 20. U.S. Value of Industrial Shipments and Real Consumption
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One component of GDP tracked by NEMS is the value of industrial shipments, shown in Figure 20. 
Industrial processes are sensitive to natural gas prices, which generally rise relative to S1. However, the 
increased production, processing and transportation of natural gas also requires additional equipment. 
Overall, NEMS shows a slight increase in the value of industrial shipments across the scenarios. The 
largest increase relative to S1 is approximately 0.2% in 2050. 

LNG exports can benefit consumers through increased labor income and the return on capital expended 
on facilities to produce and export the commodity. Exports increase the value of the dollar, decreasing 
the cost of some imports. However, increased demand for natural gas, including exports, raises its price 
and products and of products that require natural gas. This can be observed in the change in aggregate 
consumption is another component of GDP. When energy prices rise, consumers must pay more for 
natural gas, but purchases of other goods decrease. Across all the scenarios, this effect is small. While 
wealth transfers may occur between consumers, as some groups benefit more than others through 
increased production, this is not reflected in the aggregate output of the model. In 2045, real 
consumption in Scenarios 2-5 is above that of Scenario 1, while steeper increases in natural gas prices 
for S2-S5 at the end of the forecast reduce consumption by less than 0.2%.

Figure 21. U.S. LNG Export Revenues

Plotted in Figure 21, export revenues are the product of the LNG export volumes and the EU LNG price. 
In a fully competitive market this price should be sufficient to fully accommodate the production, 
liquefaction, and transportation of natural gas. Since much of this activity occurs domestically, it is a 
rough proxy for economic activity engendered by increasing LNG exports.
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4. U.S. Greenhouse Gas Results

a) Scenarios 1 through 5

AEO23-NEMS tracks CO2 emissions from the combustion and use of fossil fuels. These CO2 emissions do 
not change significantly between scenarios in response to varying LNG export levels. Figure 22 plots CO2 
emissions from fossil fuels for S1 through S5.

Figure 22. Total U.S. CO2 emissions from fossil fuel combustion

From a starting point of 4580 MMT CO2 emissions in 2020, the first four scenarios decline to between 
3990 and 4020 MMT CO2 in 2030 and follow a flatter trajectory to 3930-3980 MMT CO2 in 2050. There is 
a weak connection between LNG exports and CO2 emissions: cases with the highest exports (S2 and S3) 
have slightly higher CO2 emissions levels in 2050 of 3970 and 3980 MMT, respectively, whereas cases 
with lower exports (S1 and S4) report respective CO2 emissions of 3040 and 3030 MMT. The relationship 
is small, however, and accounts for only a 1% difference in emissions. The small differences between the 
first four scenarios are consistent with the relatively unchanged natural gas consumption volumes 
observed in Figure 15. S5 is again an outlier, continuing to decrease through 2030 (3910 MMT CO2) and 
reaching 3570 MMT CO2 emissions by 2050. The lower emissions from S5 are explained by the 
assumptions used for low renewable costs, rather than by changes in LNG exports.

b) Net-zero scenarios

The net-zero scenarios were modeled in FECM-NEMS, which endogenously calculates some additional 
emissions that AEO23-NEMS is missing (most relevant being CH4 leakage from natural gas production 
and processing infrastructure). To retain consistency between the two models, only the CO2 emissions 
reported by FECM-NEMS were included in the analysis and used to define the net-zero GHG scenarios. 
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The remaining non-CO2 emissions (which still contribute to the overall net-zero GHG cap) were 
calculated endogenously within GCAM and used in FECM-NEMS as an exogenous input. More detail on 
how the net-zero scenarios were designed is available in the section I.B “NEMS Models and Analysis 
Methodology.”

Figure 23 plots the CO2 emissions and removals for the net-zero scenarios. Both net-zero scenarios 
exhibit both lower emissions than S1 and significant amounts of CO2 removals, reaching net-zero by 
2050.

Figure 23. Total U.S. CO2 emissions and removals, S6 and S7

CO2 emissions from S6 and S7 begin at 4580 MMT and decline continuously through 2050, ending at 
2370 and 2350 MMT CO2, respectively. These declines are primarily driven by electrification of broad 
sections of the economy with a combination of renewables and CO2 capture and storage. The decline in 
emissions is accompanied by an increase in removals, which starts growing rapidly in 2030 and 
eventually reaches 2160 MMT CO2 for S6 and 2130 MMT CO2 for S7 in 2050. The majority of removals 
(87-89% by 2050) come from DAC, with the remainder coming from H2 production with biomass and 
BECCS. The specific breakdown of removal technologies is explored in Section D of Appendix B. While 
the removals do not completely cancel out the 2350-2370 MMT of CO2 emissions, the difference is 
balanced out by the non-CO2 emissions calculated within GCAM and used as exogenous inputs, which 
are net negative.



DRAFT/DELIBERATIVE/PRE-DECISIONAL

33
DRAFT/DELIBERATIVE/PRE-DECISIONAL

G. LCA Results [In Progress]

1. Adjusted Global CO2 for Each Scenario

2. Consequential Results of U.S. LNG Production

3. Study Limitations
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H. Comparison with Previous Studies

Previous studies have focused on the economic impacts of increased U.S. LNG exports, both 
domestically and globally. For instance, the 2018 NERA study focused on the domestic economic impact 
of increased U.S. LNG exports. Since the NERA study of 2018, there have been significant changes in the 
LNG export market and a renewed emphasis on evaluating the impact of LNG exports on greenhouse 
gas emissions. Relative to the market, changes include passage of the Bipartisan Infrastructure Law and 
the Inflation Reduction Act, along with major geopolitical changes due to the war in Ukraine and 
resulting economic responses. Thus, an updated study is warranted.

Another important goal of this study is to allow the integration of market impacts within the LCA 
analysis across a wide range of potential scenarios. By introducing an integrated energy-GHG model 
such as GCAM, the equilibrium level of U.S. exports could be determined along with changes in global 
greenhouse gas emissions. Similarly, the NEMS model can show domestic changes in energy-related 
GHG emissions at different export levels. Furthermore, including NEMS and GCAM broadens the range 
of scenarios to include those with net-zero emissions. This allows estimation of market effects in the LCA 
analysis in a broader range of scenarios than shown previously.
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VII. APPENDIX A: GLOBAL ANALYSIS AND DESCRIPTION OF GCAM

A. Additional detail about GCAM’s energy system

GCAM’s energy system contains representations of fossil resources (coal, oil, 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, 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). Each of the sectors in GCAM includes technological detail. For example, the electricity 
generation sector includes several different technology options to convert coal to electricity such as 
pulverized coal with and without carbon capture and storage (CCS), coal integrated gasification 
combined cycle (IGCC) w/ and w/o CCS. In every sector within GCAM, individual technologies compete 
for market share based on the levelized cost of a technology. The cost of a technology in any period 
depends on (1) its exogenously specified non-energy cost, (2) its endogenously calculated fuel cost, and 
(3) any cost of emissions, as determined by the climate policy. The first term, non-energy cost, 
represents capital, fixed and variable O&M costs incurred over the lifetime of the equipment (except for 
fuel or electricity costs), expressed per unit of output. For example, the non-energy cost of coal-fired 
power plant is calculated as the sum of overnight capital cost (amortized using a capital recovery factor 
and converted to dollars per unit of energy output by applying a capacity factor), fixed and variable 
operations and maintenance costs. The second term, fuel or electricity cost, depends on the specified 
efficiency of the technology, which determines the amount of fuel or electricity required to produce 
each unit of output, as well as the cost of the fuel or electricity. The various data sources and 
assumptions are documented in the GCAM documentation page (http://jgcri.github.io/gcam-doc/).

The prices of fossil fuels and uranium are calculated endogenously. Fossil fuel resource supply in GCAM 
is modeled using graded resource supply curves that represent increasing cost of extraction as 
cumulative extraction increases. Wind and rooftop PV technologies include resource costs that are also 
calculated from exogenous supply curves that represent marginal costs that increase with deployment, 
such as long-distance transmission line costs that would be required to produce power from remote 
wind resources. Utility-scale solar photovoltaic and concentrated solar power technologies are assumed 
to have constant marginal resource costs regardless of deployment levels. 

In GCAM, technology choice is determined by market competition. The market share captured by a 
technology increases as its costs decline, but GCAM uses a logit model of market competition. This 
approach is designed to represent decision making among competing options when only some 
characteristics of the options can be observed and avoids a “winner take all” response. The cost of a 
technology in any period depends on (1) its exogenously specified non-energy cost, (2) its endogenously 
calculated fuel cost, and (3) any cost of emissions, as determined by the climate policy. The first term, 
non-energy cost, represents capital, fixed and variable O&M costs incurred over the lifetime of the 
equipment (except for fuel or electricity costs), expressed per unit of output. The second term, fuel or 
electricity cost, depends on the specified efficiency of the technology, which determines the amount of 
fuel or electricity required to produce each unit of output, as well as the cost of the fuel or electricity. 
The prices of fossil fuels and uranium are calculated endogenously using resource supply curves that 
represent increasing cost of extraction as cumulative extraction increases. Wind and rooftop PV 
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technologies include resource costs that are also calculated from exogenous supply curves that 
represent marginal costs that increase with deployment, such as long-distance transmission line costs 
that would be required to produce power from remote wind resources. Utility-scale solar photovoltaic 
and concentrated solar power technologies are assumed to have constant marginal resource costs 
regardless of deployment levels. 

B. Additional detail about scenario design

Table A-1. Detailed assumptions in the S4: Regional Import Limits scenario

Region Type GCAM Regions High-level target / 
sanction

Developed countries, 
natural gas importers 
with sufficient 
domestic resources

EU-12, EU-15, 
Europe_Eastern, 
Europe_Non_EU

Reduce gross imports 
to 90% by 2035 and 
zero by 2040

Developed countries, 
natural gas importers 
with low domestic 
natural gas resources

Japan, South Korea, 
Taiwan

Maintain current 
import dependence 
through 2050

Developing 
countries, natural 
gas importers

Brazil, China, India, 
Pakistan, Southeast Asia, 
Mexico, South Africa 

Maintain current 
import dependence 
through 2050

Natural gas exporters USA, Africa_Eastern, 
Africa_Northern, 
Africa_Southern, 
Africa_Western, 
Australia_NZ, Canada, 
Central America and 
Caribbean, Central Asia, 
European Free Trade 
Association, Indonesia,

Middle East, South 
America_Southern, 
South 
America_Northern, 
South Asia, Colombia, 
Argentina

Reduce gross imports 
to 90% by 2035 and 
zero by 2040
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Russia Russia Same as S2

C. Additional GCAM results

Figure A-1. Global natural gas consumption by sector across all scenarios

Figure A-2. Global natural gas consumption by region across all scenarios 
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Figure A-3. Global natural gas production by region across all scenarios

Figure A-4. Global LNG exports by region across all scenarios
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Figure A-5. Global LNG imports by region across all scenarios

Figure A-6. Global primary energy consumption by fuel across all scenarios
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Figure A-7. Global GHG emissions by sector across all scenarios
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VIII. APPENDIX B: U.S. ANALYSIS AND DESCRIPTION OF AEO23-NEMS AND FECM-
NEMS

A. U.S. Role in Global Natural Gas Market

In Asia most LNG contracts are indexed to crude oil prices due to the lack of regional natural gas trading. 
Oil has also been historically seen as a direct competitor to natural gas and prices were therefore linked 
to ensure competitiveness. However, European and U.S. markets have largely shifted away from oil-
indexed gas contracts. In Europe, natural gas prices are set at regional trading hubs like the National 
Balancing Point (NBP) in the United Kingdom or the Title Transfer Facility in the Netherlands. In the United 
States natural gas prices are based on the Henry Hub benchmark which is determined by domestic supply 
and demand for natural gas, production levels and pipeline/transportation constraints. 

The Henry Hub is increasingly being used as a global benchmark. This is because the U.S. has become a 
significant exporter of LNG, and many global LNG contracts are now priced relative to Henry Hub rather 
than oil, which was traditionally the case. This shift has increased the influence of U.S. natural gas 
production on global prices.

The United States played a significant role in mitigating Europe's energy crisis in 2022, brought on by 
Russia's reduced gas supplies. U.S. producers operated their liquefaction plants at or above 100% of 
baseload capacity, exporting double the amount of LNG to Europe in the first three quarters of 2022 
compared to all of 2021. This was achieved by diverting shipments originally intended for Asia to Europe, 
which strained the LNG export value chain and highlighted the need for increased capacity. 

In Asia, developing countries grappled with the affordability of natural gas, while developed countries 
worried about supply reliability, particularly considering geopolitical tensions. Despite having the largest 
regasification capacity, Asia is projected to continue to experience uncertainty in the natural gas supply. 
Local natural gas supply has fallen short of the increasing demand. Furthermore, when U.S. LNG was 
diverted to Europe, developing Asian countries struggled with high price. To offset the natural gas 
shortage, developing countries in-region had to use alternative fuel source, such as coal and biomass 
which are higher emitting fuels. 

B. Modeling U.S. LNG Exports 

AEO23-NEMS and FECM-NEMS have two methods available to calculate LNG export capacity: 
endogenous and exogenous. There is a switch in the input files that can be toggled to switch between 
the two methods before executing a run. S1 uses the EIA AEO23 reference case, which calculates LNG 
export capacity endogenously; S2 through S6 are initialized with exogenous export capacity, which use 
exogenous LNG export values from the GCAM model for each scenario. Both AEO23-NEMS and FECM-
NEMS follow a similar process with only minor differences in a small number of input values. In most 
cases (including all cases discussed in this report) LNG exports will equal LNG export capacity because 
the cost to construct capacity is so high that capacity will rarely be left unused once built. Therefore, the 
following description can be treated as an explanation for how AEO23-NEMS and FECM-NEMS calculate 
LNG Export volumes. 
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The algorithm for calculating LNG export capacity endogenously is separated into two steps. In the first 
step, AEO23-NEMS considers LNG exports from existing or planned LNG export facilities. Beginning with 
Cheniere’s Sabine Pass facility, which started exporting LNG in 2016, AEO23-NEMS runs through a list of 
export facilities specified in an input file. This list is updated with each version of the AEO; AEO23-NEMS 
includes existing and planned facilities expected to start or expand production by the end of 2025. For 
each facility, AEO23-NEMS slowly increases production over the first few months to represent an export 
facility ramping up to full capacity.

The second step in the endogenous algorithm involves a prediction of future LNG exports. AEO23-NEMS 
uses a set of exogenous values in an input file to specify how much demand Europe and Asia will have 
for LNG imports, as well as how much supply of non-U.S. LNG will exist on the market. Then, considering 
the volume of U.S. LNG exports at a given model year, AEO23-NEMS calculates how the ratio of supply 
and demand changes over time. This ratio, together with the world oil price, is used to calculate the 
price at which international customers will purchase U.S. LNG. The purchase price algorithm is 
constructed in such a way that rises in the oil price, decreases or slowdowns in future LNG supply, or 
increases in future LNG demand will all increase the purchase price of LNG, and vice-versa. The influence 
that each factor has on LNG purchase price is controlled by several input parameters.

In addition to a purchase price, AEO23-NEMS calculates the price at which U.S. LNG could be sold for. 
This “sale price” combines the natural gas Henry Hub price with various costs that represent the stages 
of preparing pipeline gas for LNG transport (including liquefaction, fuel consumption, shipping, and 
regasification). AEO23-NEMS then compares the sale price to purchase prices at different destinations 
and determines a discounted net present value (NPV) of new LNG construction over the subsequent 20 
years. Depending on the NPV, AEO23-NEMS will decide to increase LNG export capacity by 0 to 600 
Bcf/d. The increase in capacity takes effect after a four year “construction” period and brief “phase-in” 
period.

The algorithm in AEO23-NEMS to calculate LNG export capacity exogenously is far simpler. A table in an 
input file lists LNG export capacity by year; these values are used by AEO23-NEMS to set LNG exports for 
that year. In S2 through S6, various parameters, including LNG export volumes, are calculated by the 
GCAM model. The LNG export volumes are converted to the correct input format and adopted by 
AEO23-NEMS as the exogenous LNG export capacity. 

C. Additional detail on U.S. Natural Gas Markets

1. Regional Natural gas production

Figure B-1 and Figure B-2 plot onshore natural gas production by region for the first five scenarios and 
the net-zero scenarios, respectively, in 2025 and 2050. Offshore natural gas production comprises a 
small portion of the total (<4 % in all scenarios and years) and is omitted from these figures.
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Figure B-1. Regional Gas Production, S1 through S5

Natural gas production experiences an upward trend across all scenarios by 2050, equaling or exceeding 
39 Tcf. Scenario S3 exhibits the highest production level at 48 Tcf, influenced by the global demand for 
natural gas. Expansion is primarily characterized by a significant increase in production in the Gulf 
region, subsequently followed by the Southwest and the East. Conversely, scenario S4 sees the lowest 
natural gas production at 39 Tcf with least production growth in the Gulf region.
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Figure B-2. U.S. Regional gas production in S6 and S7

Onshore natural gas production grows significantly from 2025 to 2050 for both net-zero scenarios, rising 
from 37 Tcf in 2025 to 52 Tcf in S6 and 54 Tcf in S7, respectively, by 2050. The large growth in natural 
gas production is primarily due to demand from DAC facilities, with only a small increase associated with 
elevated LNG exports in the S7 scenario. Natural gas production rises in all regions, with the largest 
absolute increases coming from the East (6.4 Tcf in S6 and 6.2 Tcf in S7) and Gulf (3.8 Tcf in S6 and 5.3 
Tcf in S7) regions and the largest increase by percentage coming from the Southwest (47% in S6 and 58% 
in S7).

2. Natural gas consumption by economic sector

a) Scenarios 1 through 5

Figure B-3 plots natural gas consumption for electric power, industry, residential use, commercial use, 
and transportation over time for S1 through S5.
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Figure B-3. U.S. natural gas consumption by sector S1 – S5.

Natural gas consumed for electricity is inversely correlated with LNG exports and natural gas prices for 
S1-S4. From a starting point of 11.6 Tcf in 2020, the first three scenarios drop to similar consumption 
volumes of 6.5-6.6 Tcf in 2035 before slightly increasing to 7.6 Tcf (S1) or plateauing at 6.7 and 6.6 Tcf 
(S2 and S3, respectively) in 2050. The increased consumption of natural gas for electricity in S1 can be 
explained as a response to price reductions caused by plateauing LNG exports, whereas high prices and 
exports in S2 and S3 lead to a flat consumption trend. S4 – the scenario with the fewest exports and 
lowest prices through the first half of the model – exhibits the highest consumption for electricity in 
2035 of 7.9 Tcf, which rises and falls slightly to a similar level to S1 in 2050 (7.8 Tcf). S5 is again an outlier 
here, reporting consistently lower natural gas consumption that hits a minimum of 3.4 Tcf in 2050. This 
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trend is a consequence of its low renewable costs reducing the demand for natural gas in the electric 
sector.

Unlike for electricity, there is no significant difference between scenarios in the rate of natural gas 
consumption in the industrial, residential, or commercial sectors. Industrial natural gas consumption 
rises from 9.9 Tcf in 2020 to 12.2-12.4 Tcf in 2050 across the five scenarios; residential consumption 
remains relatively unchanged at 4.7 Tcf from 2020 to 2050 with some small variations; commercial 
consumption rises and falls slightly from 3.2 Tcf in 2020 to 3.4 Tcf in 2050.

Natural gas consumed for transportation has a different response to changes in LNG exports, compared 
with the other consumptions sectors. The transportation category is dominated by pipeline fuel: natural 
gas consumed to power infrastructure underlying the natural gas supply chain, which includes LNG 
exports. Increases in natural gas consumption for transportation therefore correlate strongly with the 
quantity of LNG exports; S3 exhibits the highest consumption in the transportation sector by 2050, 
followed by S2 and S5, S1, and finally S4.

The sector-by-sector changes across the five scenarios end up cancelling each other out for S1-S4, 
leading to nearly identical total natural gas consumption values, as seen in Figure 15. Only S5, thanks to 
its low renewable costs, exhibits a lower overall U.S. natural gas consumption trend.

b) Net-zero Scenarios

Comparisons of S1 through S5 with S6 and S7 are complicated because of the many significant changes 
to the energy economy (going from AEO23-NEMS to FECM22-NEMS) that occur to satisfy the net-zero 
criteria. Relative to S1, natural gas consumption values decline across most sectors in S6 and S7 but are 
substantially higher in the industry sector (where DAC consumption is categorized). Figure B-4 plots 
natural gas consumption for the net-zero cases on a sector-by-sector basis.
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Figure B-4. U.S. natural gas consumption by sector net-zero scenarios

Differences in historical natural gas consumption and subsequent short-term effects cause a difference 
in natural gas consumption for electricity in 2020 and 2025 between S6 and S7 (from the FECM-NEMS 
model) and S1 through S5 (from the AEO23-NEMS model). Similar differences in the historical data exist 
for all sector-specific consumption values. Volumes of natural gas consumed for electricity track closely 
between the two net-zero cases across most of the modeling years, ranging from 5.7 to 5.9 Tcf in 2035 
for S6 and S7, respectively, and rising in later years to 6.5 Tcf and 6.6 Tcf. S6 reports a lower natural gas 
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consumption value in 2050 than S1 (7.6 Tcf), but the corresponding result for S7 is fairly close to S2 (6.7 
Tcf).

Industry-sector natural gas consumption exhibits the largest change between the net-zero scenarios and 
S1 through S5, thanks to the strong influence of DAC. Whereas industry consumption of natural gas in S1 
and S2 both increase from 9.9 Tcf to 12.3 Tcf over the 50 model years, the net-zero scenarios diverge 
after 2030 and grow rapidly to 28.2 and 27.8 Tcf for S6 and S7, respectively, by 2050. The difference in 
consumption values is consistent with the natural gas consumption for DAC, which is plotted below in 
Figure B-5.

Residential- and commercial-sector natural gas consumption follow similar behavior. These values 
decrease in both net-zero scenarios across the model years from 4.7 to 3.7 Tcf (residential) and from 3.2 
to 2.3 Tcf (commercial). By comparison, both S1 and S2 have static or slightly increasing trends, with 
both reporting 4.7 Tcf in 2020 and 2050 for residential consumption and 3.2 to 3.4 Tcf from 2020 to 
2050 for commercial consumption.

Transportation is the smallest of the five sectors in terms of natural gas consumption volumes, and 
calculation differences between AEO23-NEMS and FECM-NEMS lead to large impacts on the 
consumption values. As a result, these values are not directly comparable between the three scenarios. 
S6 and S7 have nearly identical volumes of natural gas consumed for the transportation sector, varying 
from 0.9 Tcf in 2020 to 0.8 Tcf in 2035 and 1.1 Tcf in 2050. By comparison, S1 and S2 report consistently 
higher natural gas consumption for transportation across the model years, ranging from 1.1 Tcf in 2020 
to 1.8 and 2.3 Tcf, respectively, in 2050.

Figure B-5. Natural gas consumed for DAC, net-zero scenarios
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DAC is the main technology used by FECM-NEMS to meet the CO2 cap and by 2050 is responsible for 
removing 1930 MMT CO2 per year in S6 and 1850 MMT CO2 per year in S7. A considerable amount of 
natural gas is consumed to support these levels of DAC: 16.8 Tcf and 16.2 Tcf in 2050 for S6 and S7, 
respectively. More detail on CO2 removal technologies in FECM-NEMS is given in Section I.D below.

In conclusion, even though four out of the five sectors exhibit decreases when comparing natural gas 
consumption in the net-zero scenarios to S1 and S2, the strong increases in the industrial sector (mainly 
from increases in DAC) cause overall U.S. natural gas consumption to be significantly higher by 2050 in 
S6 and S7. There is minimal difference between the S6 and S7 results, suggesting that the differences in 
LNG exports between the net-zero scenarios play a limited role in altering natural gas consumptions 
trends.

D. Usage of CO2 removal technologies in FECM-NEMS

CO2 removals in FECM-NEMS are driven by three technologies: production of hydrogen with 
sequestered biomass, BECCS, and DAC. Figure B-6 plots CO2 removals for each technology and scenario 
by year.

Figure B-6. U.S. CO2 emissions and removals, net-zero scenarios

DAC is the most widely used in both net-zero scenarios and scales up rapidly after 2030 to account for 
1930 MMT CO2 removed in S6 and 1850 MMT CO2 removed in S7 (89% and 87% of total removals, 
respectively) by 2050. H2 biomass and BECCS see significantly less adoption by 2050 in both scenarios; 
the former reaches 200 (9% of total) and 240 (11% of total) MMT CO2 removed in S6 and S7, 
respectively, whereas the later reaches approximately 40 MMT CO2 removed in both scenarios (2% of 
total removals). 
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FECM-NEMS relies on two sets of DAC technology assumptions: “grid”, and “NG only,” derived from the 
literature using updated cost and performance data from FECM.16 Both use natural gas to power the 
capture process; DAC-grid offsets some of the natural gas demand by using electricity as well. lists the 
specific technical assumptions underlying the two DAC options. 

Table B-1. DAC technology assumptions in FECM-NEMS

Capex, 
$/ton-year

CRF Capex, 
$/ton

Opex, 
$/ton

Electricity demand, 
kwhr/ton

Natural gas demand, 
MMBtu/ton

Grid $1,300 7.1% $112 $71 450 8.75
NG Only $1,500 7.1% $129 $83.6 0 9.27

The effect of DAC on natural gas markets in S6 and S7 can be seen in the rapid growth of total natural 
gas consumption (Figure 16) and subsequent rise in natural gas prices (Figure 17). By 2050, natural gas 
consumption equals 16.8 Tcf and 16.2 Tcf for S6, and S7, respectively, reaching natural gas prices of 
$5.90 2022/Mcf and $5.77 2022/Mcf. 

FECM-NEMS models the deployment of carbon removal technologies by determining a CO2 price that 
represents the market equilibrium cost to capture and abate CO2 emissions. FECM-NEMS adjusts the 
CO2 price in accordance with the imposed carbon cap (plotted in Figure 1) to ensure that the correct 
number of CO2 emissions are abated each year. The CO2 price is plotted in Figure B-7.

Figure B-7. U.S. CO2 price, net-zero scenarios

16 National Academies of Sciences, Engineering, and Medicine. (2019). Negative Emissions Technologies and 
Reliable Sequestration: A Research Agenda. Washington, DC: The National Academies Press. 
https://doi.org/10.17226/25259.
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The implied CO2 price rises to $87-$96/tonne CO2 by 2030. The lower price during the first ten years 
reflects the cost of electrification and fuel switching from fossil to non-fossil sources throughout the 
energy system, reducing overall CO2 emissions and satisfying the carbon cap. While emissions continue 
to decline after 2030, the rate of decline slows; most of the progress towards meeting the carbon cap 
after 2030 comes in the form of increased carbon removals. The implied CO2 price climbs rapidly to 
$429/tonne CO2 in S6 and $440/tonne CO2 in S7 by 2040 as CO2 removal technologies (primarily DAC) 
are brought online to satisfy the carbon cap and the subsidies for CO2 sequestration expire. The rate of 
emissions reduction slows further from 2040 to 2050, with removals making up a greater portion of the 
net-decrease in CO2 emissions. The CO2 price in these last ten years is therefore dominated by the price 
of CO2 removal technologies. It decreases to $364/tonne CO2 in S6 and $372/tonne CO2 in S7 by 2040, 
reflecting technological improvements to the CO2 removal processes.

IX. APPENDIX C: LCA ANALYSIS AND DESCRIPTION OF MODEL
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I. EXECUTIVE SUMMARY

The Department of Energy (DOE) is responsible for authorizing 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 requiring national treatment trade in natural gas 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, served 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 study was 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 socioeconomic growth, regional 
preferences for domestically produced natural gas, pace of technological 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 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 global energy, economy, 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 Description U.S. LNG Export Volumes 
(Bcf/d)

S1: Reference Exports 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.

Grows to 27.34 Bcf/d by 2050

S2: Market Response Assumes policies consistent with S1, 
but U.S. LNG exports are determined 
by global market equilibrium.

S3: 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.

S4: Regional Import Limits Same assumptions as S2, 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 domestic gas.

S5: 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.

GCAM Market Response

S6: Energy 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 CO2 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 2050

S7: Energy Transition 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. domestic analysis was conducted using the National Energy Modeling System (NEMS). U.S. LNG 
exports (for all scenarios except S1) and CO2 emissions (in scenarios S6 and S7) used in NEMS were 
harmonized to values from GCAM. NEMS was then used to explore the implications of the seven global 
scenarios for 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 emissions 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 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 
study5 commissioned on the economic impacts from U.S. LNG exports in 2018.

4. U.S. residential prices were 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 (S2 to S5) even though these scenarios vary widely in terms of U.S. 
LNG export outcomes. In these scenarios, global emissions range from 47.5-50.3 GtCO2e and 
U.S. emissions range from 4.3-4.6 GtCO2e 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 (S2) 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 S7) are characterized 
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II. 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 
Table 1.

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 Bcf/day with varying trajectories. The 
supply scenarios were: AEO2011 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 Oil 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 CO2 emissions. 

Table 1. Previous Studies

Report Name Organization Short Name
Effect of Increased Natural Gas Exports on 
Domestic Energy Markets1

EIA EIA 2012

Effect of Increased Natural Gas Exports on 
Domestic Energy Markets2

NERA NERA 2012

Effect of Increased Levels of Liquefied 
Natural Gas Exports on U.S. Energy Market3

EIA EIA 2014

1 U.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_lng_report.pdf
3 U.S. 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/lng.pdf
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Report Name Organization Short Name
The Macroeconomic Impact of Increasing 
U.S. LNG Exports4

Baker Institute/ Oxford Economics Baker 2018

Macroeconomic Outcomes of Market 
Determined Levels of U.S. LNG Exports5

NERA NERA 2018

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-sensitive industries was very small while increased investment 
raised GDP. 

4 Cooper, A., Kleiman, M., Livermore, S., & Medlock III, K. B. (2015). The Macroeconomic Impact of Increasing US 
LNG Exports. Available at: 
https://energy.gov/sites/prod/files/2015/12/f27/20151113_macro_impact_of_lng_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%20Study%202018.pdf
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III. 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 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 requiring national 
treatment trade in natural gas 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.6

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.”7

To inform its Public Interest determination, since 2012, the Office of Fossil Energy and Carbon 
Management and its predecessor, the Office of Fossil Energy, commissioned five studies on the effects 
of increased LNG exports on 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 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 OnLocation, Inc., Pacific Northwest National Laboratory (PNNL), and 
the National Energy Technology 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 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 sectors 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. 

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 

6 Natural Gas Act. 15 U.S.C. 717b.
7 Order 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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LNG export authorizations, ii) the Russia-Ukraine war, iii) global and U.S. greenhouse gas policy 
developments, iv) technological change in production, 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))

S2: Market Response (U.S. LNG exports determined by global market equilibrium)

S3: High Global Demand (U.S. LNG exports determined by global market equilibrium, higher 
population growth outside of the U.S.)

S4: Regional Import Limits (U.S. LNG exports determined by global market equilibrium, global 
focus on maximizing consumption of local energy sources)

S5: Low-cost Renewables (U.S. LNG exports determined by global market equilibrium, lower 
costs for variable renewable energy technologies)

S6: 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)

S7: 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. 

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 
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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:

• U.S. LNG exports 
• Global gas and primary energy consumption
• Implications for U.S. energy systems
• 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 Global 
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.8 
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 (CO2) 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)9 and in Canada, they are 
calibrated to Alberta marker prices from the BP Statistical Review.10 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.11 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 exports 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 AEO2023 
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 (AEO2023) to grow to 27.34 Bcf/day in 2050. The AEO2023 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 
AEO2023, 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. AEO2023 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 U.S. EIA (2023). Henry Hub Natural Gas Spot Price. Available at: 
https://www.eia.gov/dnav/ng/hist/rngwhhda.htm
10 BP (2022). bp Statistical Review of World Energy. 71st edition. Available at: 
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-
review/bp-stats-review-2022-full-report.pdf
11 S&P Global (2023). S&P Global Commodity Insights. Historical and forecasted LNG prices data sheet.
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S2: Market Response. This scenario has assumptions consistent with S1 and assumes 
economically driven, market-based outcomes for U.S. LNG exports. 

S3: High Global Demand. This scenario includes the same assumptions as in S2, 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 S3 by 2050 
compared to S1 and S2 and explores the effects of higher U.S. LNG exports driven by higher 
demand for all energy sources (including natural gas) compared to S2. 

 S4. Regional Import Limits. This scenario includes the same assumptions as in S2, 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. 

S5: 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 S5 are based on the “Low” 
assumptions. 

S6: Energy Transition (Ref Cap) and S7: 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.13,14,15 Both of these scenarios assume that countries achieve 
their emission pledges as made during the 26th 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 decarbonization 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 S6 differs from S7 in that it also 
limits U.S. LNG exports to the values from the AEO2023 Reference case. A key distinction 
between scenarios S1 and S6 is that while the former assumes the U.S. LNG exports to follow 
the AEO2023 Reference case exactly, the latter assumes the values from the AEO2023 

12 Samir, K. C., & Lutz, W. (2017). The human core of the shared socioeconomic pathways: Population scenarios by 
age, sex and level of education for all countries to 2100. Global Environmental Change, 42, 181-192.
13 Fawcett, A. A., et al. (2015). Can Paris pledges avert severe climate change? Science, 350(6265), 1168-1169.
14 Ou, Y., Iyer, G., et al. (2021). Can updated climate pledges limit warming well below 2°C? Science, 374(6568), 
693-695.
15 Iyer, 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 S6 enables comparisons with S1, 
and scenario S7 enables comparisons with S2. 

Table 2. Scenario Descriptions

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

S1: Reference Exports 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.

Grow to 27.34 
Bcf/d by 2050

S2: Market Response Assumes policies consistent with S1, but U.S. 
LNG exports are determined by global 
market equilibrium.

S3: 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.

S4: Regional Import Limits Same assumptions as S2, 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 domestic gas.

S5: 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.

GCAM Market 
Response

S6: Energy 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 
CO2 emissions constraint from GCAM. U.S. 
LNG exports are limited to the values from 
the AEO 2023 Reference scenario. 

Grow to 27.34 
Bcf/d by 2050

S7: Energy Transition Same emissions pathway assumptions as S6, 
but U.S. LNG exports are determined by 
global market equilibrium.

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 oil, 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. AEO2023-NEMS

AEO2023-NEMS is OnLocation’s version of the NEMS model, modified to allow exogenous input of U.S. 
LNG exports. The AEO2023 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 most 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 AEO2023 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 CO2 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, CO2 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 (AEO2022) NEMS 
model. For consistency with updated economic assumptions, FECM-NEMS uses the low economic 
growth assumption from AEO2022, assuming a real GDP average growth of 1.8% per year to 2050. 
Under the Office of Carbon Management Policy & Analysis, DOE-FECM, the standard NEMS has been 
enhanced to represent several CO2 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 CO2 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 CO2 emissions (in the net-zero scenarios) were 
consistent between the two models. 

The EIA’s AEO2023 reference case was selected to define S1. In AEO2023-NEMS, the AEO2023 reference 
case solution file was adopted for all variables. LNG exports from the AEO2023 reference case were then 
used as exogenous inputs into the GCAM model in place of endogenous estimates. For S2 through S7, 
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 AEO2023-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 AEO2023 reference scenario. In S5, both 
models adjusted power generation technology assumptions consistent with the AEO2023 Low 
Renewable Cost scenario from the AEO.

For S6 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 (CO2, CH4, N2O, 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 CO2 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 S6 and S7) 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 removals 
throughout the model and adjusts a carbon price to equalize them with the carbon cap. With this 
method, FECM-NEMS ensures that the CO2 emissions from the energy sector match the corresponding 
emissions from GCAM. Although FECM-NEMS calculates CH4 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 CO2 in 2050. 
Although this value does not equal zero, it was balanced by the sum of non-energy CO2, non-CO2 GHGs, 
and LULUCF-sector emissions and removals calculated by the GCAM model which added together total 
-185 MMT CO2 equivalent (the total was negative because of large quantities of LULUCF-sector 
removals). The remaining emissions and removals (non-energy CO2, non-CO2 GHGs, and LULUCF) were 
treated as exogenous to FECM-NEMS and could be added with the endogenous CO2 emissions to 
calculate net total GHG emissions (which would equal near-zero in 2050). The sum of non-energy CO2, 
non-CO2 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 framework. 

1. Past NETL Natural Gas Life Cycle Reports

As shown in the top half of Table 3, the NETL Natural Gas model16 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)17 and Greenhouse Gas Inventory (GHGI)18. Results of this model are 
provided for two scopes: Production through Transmission (e.g., for large scale industrial users, like 
power plants 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

Stage Name Description
Natural Gas Production Only Stages

Production Drilling and construction of conventional and 
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 
gathering pipelines and delivered to 
treatment and/or processing plants. Boosting 
systems may include compressors, 
dehydration, and pneumatic devices and 
pumps.

Treatment and Processing Removal of impurities and compression of 
input gas to meet transmission pipeline 
standards. May include acid gas removal 
(AGR), dehydration), NGL recovery, etc.

Transmission and Storage Construction of pipelines, and movement of 
bulk quantities of natural gas in large 

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.
18 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 
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 LNG
Liquefaction Pre-treatment of gas, liquefaction to low 

temperatures and storage 
Loading/Unloading Process to load (and unload) LNG to and from 

tankers to facilities
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.

Regasification Regasification of LNG and injection into 
transmission pipelines.

Destination Transmission / Distribution Similar processes 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 scope of domestic 
natural gas production through the transmission stage, the mean U.S. average total CO2-equivalent 
emissions are about 7.44 g CO2e/MJ (IPCC AR6, 100-year basis), with a confidence interval of the mean 
of 4.6-11.1 g CO2e/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), so needed to be subsequently adjusted.
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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 world19. While these values are estimated on a per-MJ 
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 (cite), and 
adjusting to the basis here, LNG delivered from New Orleans to Rotterdam (8,990 km) would be 
expected to result in 17.9 g CO2e/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 
CO2e/MJ 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 CO2e/MJ, HHV basis, given above). The GHG emissions 
intensity result on a per MJ NG delivered to liquefaction plant basis is 7.44 g CO2e/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 CO2e/MJ NG delivered to power plant 
(AR6, 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.20

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 

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, 2019.
20 Results from Roman-White 2019, Exhibit A-2, adjusted from g CO2e/MWh to g CO2e/MJ using heat rate of 145 kg 
natural gas/MWh, and higher heating value of 54.3 MJ/kg.
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processes that created them. These methods differ in scope 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 market adjustment factor (MAF) is defined as:

 

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 S2 vs. Scenario S1 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. 

𝑀𝐴𝐹𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑛 =
𝐺𝑙𝑜𝑏𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑛 ―  𝐺𝑙𝑜𝑏𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 1

𝑈𝑆 𝐿𝑁𝐺 𝐸𝑥𝑝𝑜𝑟𝑡𝑠𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑛 ― 𝑈𝑆 𝐿𝑁𝐺 𝐸𝑥𝑝𝑜𝑟𝑡𝑠𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 1
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U.S. LNG exports under S4 increased only to ~23 Bcf/day in 2050, emerging as the lower bound. The 
lower increase in U.S. LNG exports in S4 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 S2 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 S2, 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 
S1 And S2

As shown in Figure 4, under S1, 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-1 in appendix A). Under S1, U.S. LNG exports followed the AEO2023 Reference case 
to grow to 27.34 BCF/day by 2050 (by design). 
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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 S2, in which U.S. LNG exports were determined by market equilibrium, U.S. 
natural gas production and LNG exports increased compared to S1 to satisfy the growing demands of 
natural gas globally. Under S2, 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 S2 increased only by a very small amount (<5% by 
2050 globally compared to S1). 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 S2 did not change much 
compared to S1, as shown in Figure 6.
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Figure 5. Changes in natural gas consumption, production, and trade by region in S2 vs. S1  
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Figure 6. Global primary energy consumption by fuel and GHG emissions by sector under S2 and S1. Net 
GHG emissions are shown as a dot in each bar.

C. Global Primary Energy Consumption by Fuel and GHG Emissions by Sector 
Under S6 And S7

Under S6 and S7, global GHG emissions from all sectors of the economy reduced significantly compared 
to S1 and S2 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), ii) increased deployment of CCUS with fossil fuels, iii) increased deployment of 
renewables, iv) a net reduction in energy consumption, 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 S1 and S2. 
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Figure 7. Global primary energy consumption by fuel and GHG emissions by sector under S6 and S7. Net 
GHG emissions are shown as a dot in each bar.

Notably, the scale and distribution of CDR deployment varied by type and region. By 2050, about 6.8, 4, 
and 0.4 GtCO2e respectively of BECCS, afforestation, and DAC were deployed globally in S6 and S7, as 
shown in Figure 9. While BECCS and afforestation were distributed more evenly across regions, most of 
the DAC was deployed in the U.S. primarily due to the availability of carbon storage. 

Note that S6 and S7 did not assume the availability of any emissions trading or offset mechanisms. 
Hence, countries with net-zero pledges – such as the U.S. – were assumed to meet those pledges in the 
stated target years through a combination of the above decarbonization strategies including CDR 
deployment within their own geographic boundaries. Under these scenarios, although global GHG 
emissions are net-positive (~20 GtCO2e), global CO2 emissions were ~0 in 2050. These global emissions 
outcomes were broadly consistent with 1.5°C scenarios in the literature.21 

21 Riahi et al. 2022, Chapter 3 in the Sixth Assessment Report of the IPCC
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Figure 8. Changes in global primary energy consumption and GHG emissions under S6 and S7 relative to S1 
and S2 respectively
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Figure 9. CDR deployment by type and region in S6 and S7

D. Global Natural Gas Consumption, Production, and Trade Under Scenarios 
S6 and S7

As shown in Figures 10 and 11, under S6 and S7, natural gas consumption decreased compared to S1 
and S2 in most regions largely driven by official net-zero pledges that require complete decarbonization 
of energy systems by 2050. However, in some regions with net-zero pledges that extend beyond 2050 
(e.g., India), natural gas demand continued to grow through 2050 and consumption did not change 
much compared to S1 and S2. Globally, although natural gas consumption in S6 and S7 was lower 
compared to S1 and S2, it continued to grow due to the deployment of natural gas with CCUS in power 
and industrial sectors and direct air capture (DAC) applications (see Figure A-2 in appendix). The lower 
natural gas consumption in S6 and S7 compared to S1 and S2 resulted in lower global production, LNG 
exports, and LNG imports. 
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Figure 10. Natural gas consumption, production, consumption, and trade by region under S6 and S7 
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Figure 11. Changes in natural gas consumption, production, and trade by region: S6 vs S1 and S7 vs S2
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As shown in Figure 12, S6 and S7 differed in the role of U.S. LNG exports in the global natural gas 
market. By 2050, U.S. LNG exports in S6 were not different from S1 because this scenario assumed the 
S1 values (which are based on AEO2023) as an upper bound. Under S7, which assumes economically 
driven outcomes, U.S. LNG exports continued to grow and increase beyond S6 – particularly after 2040 – 
to meet the global demand for natural gas, a growing share of which was deployed in combination with 
CCUS in the power and industrial sectors (see Figure A-1 in the appendix). Similar to the comparison 
between S1 and S2, the availability of additional U.S. LNG in S7 resulted in a very small increase in 
natural gas consumption, reduction in production, reduction in LNG exports, increase in LNG imports, 
and reduction in pipeline trade in the rest of the world compared to S6.

Figure 12. Changes in natural gas markets in S7 vs. S6
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E. Global Primary Energy Consumption and GHG Emissions Across All 
Scenarios

Overall, the seven scenarios explored in this study resulted in a range of outcomes for global primary 
energy consumption and emissions by 2050. As shown in Figure 13, the fuel composition of primary 
energy consumption and the sectoral allocation of GHG emissions were not very different across 
scenarios S1 through S5. Total primary energy consumption and GHG emissions were highest under the 
S3 scenario driven by higher population growth and associated increases in energy demand.

Total emissions in 2050 under scenarios S1 through S5 were relatively similar to 2015 levels because 
these scenarios included current policies and measures to deploy lower emission technologies. 
However, total primary energy consumption in 2050 under these scenarios was significantly higher 
compared to 2015 primarily driven by population and economic growth.

By contrast, total energy and emissions were lowest in scenarios S6 and S7 due to assumptions about 
countries meeting emission pledges and further emission declines to reach a global temperature change 
of 1.5°C by the end of century. As described earlier, these scenarios were also characterized by 
significant changes in the fuel composition of global energy consumption and the deployment of carbon 
dioxide removal technologies.

Figure 13. Primary energy consumption by fuel and GHG emissions by sector under all scenarios
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F. NEMS Analysis: Implications for U.S. Energy Systems

1. Energy Impacts 

AEO2023-NEMS and FECM-NEMS were used to model U.S.-specific results for S1 through S5 and S6 
through S7, respectively. Similar to global energy consumption, primary energy consumption in the U.S. 
grew over time in each scenario. 

Figure 14. U.S. primary energy consumption, S1 through S5

In 2025, the primary energy consumption was at approximately 98 quadrillion BTUs in scenarios S1 
through S5, as shown in in Figure 14. By 2050, all scenarios saw an increase in total energy consumption, 
exceeding 105 quadrillion BTUs. The highest energy consumption was recorded in scenario S5 at 109 
quadrillion BTUs, and the lowest consumption was in scenario S4 at 105 quadrillion BTUs. 

The availability of low-cost renewables in scenario S5 fosters the deployment of biomass and other 
renewable energy sources. A substantial decrease was noted in coal usage, with the most significant 
reduction occurring in scenario S5. Natural gas consumption remained steady across scenarios S1 
through S4, hovering around 31 quadrillion BTUs, but experienced a decline to 27 quadrillion BTUs in 
scenario S5. 
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Figure 15. U.S. primary energy consumption S6 and S7

Figure 15 shows U.S. primary energy consumption across S6 and S7 in 2025 and 2050. In 2025, U.S. 
primary energy consumption was predominantly driven by fossil fuels, which accounted for 85% of the 
total energy use. By 2050, energy consumption rose across both scenarios relative to 2025, 
distinguished by a notable increase in biomass and other renewables. Relative to S6, increased LNG 
exports in S7 put pressure on the natural gas market, leading to slightly higher end-use prices and more 
expensive GHG mitigation strategies. Biomass and other renewable sources grew by 22.3 and 22.1 
quadrillion BTUs from 2025 in the S6 and S7 cases respectively, thereby contributing 32.1% of the total 
energy consumption in both cases. Natural gas consumption increased from 33 quadrillion BTUs in 2025 
to 42.5 and 42.1 quadrillion BTUs in the energy transition scenarios S6 and S7 respectively. Remaining 
primary energy, primarily petroleum, decreased across both cases from 45.2 quadrillion BTUs in 2025 to 
34.4 quadrillion BTUs in S6 and 34.0 quadrillion BTUs in S7 by 2050.

2. Natural Gas Production and Consumption Impacts

U.S. natural gas production increased across most cases to maintain projected export volumes. U.S. 
natural gas consumption, on the other hand, was relatively unchanged across the first four scenarios. 
Figure 16 plots total U.S. natural gas production, consumption, and export values over time. The LNG 
export values were identical to those plotted in Figure 3 and are included here as reference.
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Figure 16. Total U.S. natural gas production, consumption, and export volumes over time, by scenario

From a starting point of 33.5 Tcf (91.5 Bcf/d) of natural gas production in 2020, production in each 
scenario increased, following a path that correlated with their LNG export curve. Natural gas production 
in S1, S2, and S3 followed a similar trajectory by 2035, reaching 39.4-39.5 Tcf. S1 production then slowed 
through 2040 and reached a peak of 42.0 Tcf by 2050. S2 and S3 production values accelerated through 
2050, reaching 49.0 Tcf and 49.5 Tcf, respectively. Similar to the trends in LNG exports, S4 production 
exhibited the lowest values, ending slightly below S1 at 40.7 Tcf in 2050. S5 production exhibited the 
same general path as S2 and S3, but grew more slowly, reaching 38.2 Tcf and 45.7 Tcf in 2035 and 2050, 
respectively.

The natural gas consumption volumes from S1-S3 followed similar paths, dipping from 30.5 Tcf in 2020 
to 27.4-27.6 Tcf in 2035 before ramping up to 29.6-29.8 Tcf in 2050. Although S4 had exhibited lower 
LNG export and natural gas production quantities, the consumption volumes in S4 remained slightly 
higher than the volumes in S1-S3 through most of model years, equalizing with S1-S3 in the final 
timestep. S4 reported 28.5 Tcf of natural gas consumption in 2035 and 29.8 Tcf in 2050. S5 was the 
largest outlier with the lowest consumption of 26.2 Tcf in 2035 and almost no change in consumption 
values between 2035 and 2050.

The lower natural gas production and consumption volumes in S5 (when compared to S2 and S3) are 
explained by the effect of low renewables costs on the energy system. S5 adopted many of the same 
inputs as EIA’s AEO2023-NEMS low zero-carbon technology cost case. These inputs drove down the cost 
of renewables and caused S5 to switch from natural gas to cheaper renewable energy sources, affecting 
both production and consumption. The remaining scenarios showed similar levels of natural gas 
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consumption, but different levels of natural gas production, suggesting that most increases in natural 
gas production were passing directly to LNG exports.

Figure 17 plots the natural gas production, consumption, and exports for the two net-zero scenarios. 
Natural gas production in Scenarios S6 and S7 is 37.6 Tcf and 37.1 Tcf in 2035, respectively, but quickly 
rise to 54.7 Tcf and 56.5 Tcf by 2050. S6 and S7 exhibited a flatter trend in total consumption through 
2040, but reached 41.9 Tcf and 41.5 Tcf, respectively, by 2050. The differences between the two net-
zero scenarios were similar to differences observed between S1 through S5: changes in production were 
correlated with changes in LNG exports, but differences in consumption between scenarios were 
minimal. 

Figure 17. Total U.S. natural gas production, consumption, and export volumes, net-zero scenarios

The rapid increase in natural gas production and consumption for the net-zero scenarios after 2040 
came from a substantial increase in natural gas to power direct air capture (DAC) facilities, plotted in 
Figure B-5 of the appendices. Natural gas consumption accounted for 16.8 Tcf and 16.2 Tcf in 2050 for 
S6 and S7, respectively. More detail on CO2 emissions and removals is provided in Section 1.F.5: “U.S. 
Greenhouse Gas Results”.

3. Natural Gas Henry Hub Prices Impacts

Although total U.S. natural gas consumption volumes were similar across the first five scenarios, the 
increased LNG exports had a moderate effect on natural gas prices. The natural gas price of the net-zero 
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scenarios rose above the prices from S1 through S5, driven mostly by demand for natural gas to power 
DAC facilities. Figure 18 plots the natural gas price at the Henry Hub in $2022/Mcf over time for all 
scenarios. 

Figure 18. Total U.S. natural gas Henry Hub price by scenario ($2022)

The natural gas price in S1 increased to a maximum of $3.80/Mcf in 2040 before moderating to 
$3.61/Mcf in 2050. The natural gas prices in S2, S3, and S5 were mostly consistent with the reference 
case through 2035 but ultimately rose to levels of $4.74/Mcf, $4.79/Mcf, and $4.35/Mcf, respectively, 
by 2050. The difference in prices correlated with the differences in LNG export curves, while LNG 
exports in S1 plateaued after 2035 and saw a drop in natural gas prices. Scenarios S2, S3, and S5 all 
exhibited both increasing exports and prices. S4 had lower natural gas prices over most of the modeling 
period, but ultimately exceeded S1 in 2050 with a price of $3.84/Mcf; the persistent increase in S4 prices 
after 2030 was consistent with increases in LNG exports throughout the same time period. Prices 
remained below $5.00/Mcf for all timesteps in S1 through S5.

The influence of LNG exports on natural gas prices shown in Figure 18 was similar to the effect reported 
by EIA in their May 2023 “Issues in Focus” report on LNG.22 The EIA’s “Fast Builds Plus High LNG Price” 
case, which modeled the effect on U.S. energy markets of accelerated construction of LNG infrastructure 
in an environment with elevated international demand for LNG, reported a 2050 natural gas price of 
$4.81/MMBtu (equal to $4.64/Mcf) at 48.2 Bcf/d of exports. These values are close to the results from 
S2 of $4.74/Mcf at 47.2 Bcf/d of exports and demonstrate good agreement between the two studies on 
the relationship between LNG exports and natural gas prices. 

Overall U.S. natural gas consumption did not change appreciably in response to higher prices, but there 
were some shifts in consumption behavior on a sector-by-sector basis. These sector-specific differences 
are presented in greater detail in the Appendix in Figure B-3.

The natural gas price of the net-zero scenarios rose above the prices from S1 through S5, driven mostly 
by demand for natural gas to power DAC facilities. Natural gas prices for S6 and S7 were similar to prices 
in S1 through 2030, but afterwards rapidly increased on a trajectory consistent with the growth of DAC. 

22 U.S. EIA (2023). AEO2023 Issues in Focus: Effects of Liquefied Natural Gas Exports on the U.S. Natural Gas 
Market. Available at: https://www.eia.gov/outlooks/aeo/IIF_LNG/pdf/LNG_Issue_in_Focus.pdf.
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S6 and S7 reached prices of $5.90/Mcf and $5.77/Mcf, respectively, by 2050. The difference in price 
between S6 and S7 was within the tolerance of the model.

4. U.S. Macroeconomic Outcomes 

While NEMS has rich detail about the energy system, a separate macroeconomic activity module (MAM) 
provides projections of economic drivers underpinning NEMS’ energy supply, demand, and conversion 
modules. The MAM incorporates IHS Markit’s (now S&P Global’s) model of the U.S. economy, along with 
EIA’s extensions of industrial output, employment, and models of regional economies. The S&P Global 
module is modified to include EIA’s assumptions on key assumptions, such as world oil price, yielding a 
baseline trajectory of the economy. The baseline cannot appropriately respond to the wider economic 
changes in the net-zero scenarios, so such analysis is not included here. Within a NEMS scenario, 
feedback from the other NEMS modules includes: 

• Production of energy, including coal, natural gas, petroleum, biomass, and other fuels;
• Trade in energy, including net exports coal, petroleum, natural gas, and biofuels;
• Total and end-use demand for energy, including sales of electricity;
• Consumer spending on energy, disaggregated to fuel oil motor fuels, electricity, natural gas, and 

highway consumption of gasoline;
• Energy prices, including a price index for consumer prices and wholesale prices; and
• Industrial production indices for oil and gas extraction and coal mining. 

Since the MAM does not track individual projects, GDP estimates do not include economic activity 
associated with specific export facilities and thus the impacts are approximate.

Figure 19. U.S. real GDP changes
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As shown in Figure 19, U.S. GDP growth rate through 2045 remained essentially constant across all five 
scenarios, increasing at 1.9% annually. Higher natural gas exports resulted in higher prices, reducing 
economic activity in some sectors but increasing in others. The impact of increased LNG exports was 
positive on GDP by less than 0.1% across scenarios the through 2045. Accelerating natural gas prices in 
the last five years of the projection period in S2 reduced consumption on other products and tended to 
slightly reduce the overall rate of economic growth relative to S1. Overall, GDP changes in 2050 relative 
to 2020 were within 0.3% across all five scenarios.

Figure 20. U.S. residential natural gas prices

Figure 20 shows the residential natural gas price in each of the five key scenarios. In 2050, natural gas 
prices in S3 (when exports are the highest) were 4% higher than S1, when exports were the lowest. 
Overall, natural gas price differences between the scenarios were generally close to 1-2% across the 
scenarios.
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Figure 21. U.S. value of industrial shipments and real consumption

One component of GDP tracked by NEMS is the value of industrial shipments, shown in Figure 21. 
Industrial processes are sensitive to natural gas prices, which were generally higher than S1. However, 
increased production, processing, and transportation of natural gas requires additional equipment 
which tends to increase industrial shipments. Overall, NEMS showed a very slight increase in the value 
of industrial shipments in S2 relative to S1 of 0.2% in 2050. The value declined in S4 vs S1, reflecting 
lower natural gas production and exports. 

The NEMS analysis shows NG exports could benefit consumers through increased labor income and the 
return on capital expended on facilities to produce and export the commodity. Exports increased the 
value of the dollar, decreasing the cost of some imports. However, increased demand for natural gas, 
including exports, raised the price of natural gas and the costs of products that require natural gas as an 
input. This can be observed in the change in aggregate consumption which is another component of 
GDP. When energy prices rise, consumers must pay more for natural gas, but purchases of other goods 
decrease. Across all the scenarios, this effect was small, and, while wealth transfers may occur between 
consumers as some groups benefit more than others through increased production, this was not 
reflected in the aggregate output of the model. Changes across all the scenarios were essentially flat. 
Overall, by 2050 consumption changes were less than 0.2%.
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Figure 22. U.S. LNG export revenues

In a fully competitive market, the delivered price of LNG should be sufficient to fully accommodate the 
cost of production, liquefaction, and transportation of natural gas. Since much of this activity occurs 
domestically, it is a rough proxy for economic activity engendered by LNG exports. A representative 
price would be the price of imports to the EU. Figure 22 shows estimates of export revenues as the 
product of the LNG export volumes and the EU LNG price. 

5. U.S. GHG Results

AEO2023-NEMS tracks CO2 emissions from the combustion and use of fossil fuels. These CO2 emissions 
did not change significantly between scenarios in response to varying LNG export levels. Figure 23 plots 
CO2 emissions from fossil fuels for S1 through S5.
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Figure 23. Total U.S. CO2 emissions from fossil fuel combustion

From a starting point of 4,580 MMT CO2 emissions in the U.S. in 2020, the first four scenarios declined to 
between 3,990 and 4,020 MMT CO2 in 2030 and followed a flatter trajectory to 3930-3980 MMT CO2 in 
2050. There was a weak connection between LNG exports and CO2 emissions: cases with the highest 
exports (S2 and S3) had slightly higher CO2 emissions levels in 2050 of 3970 and 3980 MMT, respectively, 
whereas cases with lower exports (S1 and S4) reported respective CO2 emissions of 3040 and 3030 
MMT. The relationship was small, however, and accounted for only a 1% difference in emissions. The 
small differences between the first four scenarios were consistent with the relatively unchanged natural 
gas consumption volumes observed in Figure 16. S5 was an outlier, continuing to decrease through 2030 
(3910 MMT CO2) and reaching 3570 MMT CO2 emissions by 2050. The lower emissions from S5 were 
explained by the assumptions used for low renewable costs rather than by changes in LNG exports.

S6 and S7 were modeled in FECM-NEMS, which endogenously calculated some additional emissions that 
AEO2023-NEMS is missing (most relevant being CH4 leakage from natural gas production and processing 
infrastructure). To retain consistency between the two models, only the CO2 emissions reported by 
FECM-NEMS were included in the analysis and used to define the net-zero GHG scenarios. The 
remaining non-CO2 emissions (which still contributed to the overall net-zero GHG cap) were calculated 
endogenously within GCAM and used in FECM-NEMS as an exogenous input. 

Figure 24 plots the CO2 emissions and removals for S6 and S7. Both scenarios had both lower emissions 
than S1 and significant amounts of CO2 removals, reaching net-zero by 2050.
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Figure 24. Total U.S. CO2 emissions from fossil fuel combustion and removals, S6 and S7

CO2 emissions from S6 and S7 began at 4,580 MMT and declined continuously through 2050, ending at 
2,370 and 2,350 MMT CO2, respectively. These declines were primarily driven by electrification of broad 
sections of the economy with a combination of renewables and CCS. The decline in emissions was 
accompanied by an increase in removals, which started growing rapidly in 2030 and eventually reached 
2,160 MMT CO2 for S6 and 2,130 MMT CO2 for S7 in 2050. The majority of removals (87-89% by 2050) 
came from DAC, with the remainder coming from H2 production with biomass and BECCS. The specific 
breakdown of removal technologies is explored in Section D of Appendix B. While the removals did not 
completely cancel out the 2,350-2,370 MMT of CO2 emissions, the difference is balanced out by the non-
CO2 emissions calculated within GCAM and used as exogenous inputs, which were net negative.

G. NETL Life Cycle Analysis

The goals of the LCA component of this project were twofold: first, to help contextualize how the other 
results of this study (i.e., NEMS and GCAM models) connect to past studies of U.S. natural gas and LNG 
operations and, second, to leverage the results of the other models to quantitatively represent the 
international global warming potential (GWP) consequences from changes in quantities of U.S. exported 
LNG.

In support of the first goal, the following work was completed:

• Assessed whether NEMS results suggested significant changes in domestic supply (and thus, 
resulting in potential future upstream GWP intensity or emissions changes)

• Compared and aligned GCAM and NETL results to create a representation of the global natural 
gas supply chain is consistent with existing NETL natural gas LCA studies.
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In support of the second goal, the following work was completed:

• Developed a quantitative “market effect adjustment factor” that represents the consequences 
of additional export volumes of U.S. LNG, such as how additional available quantities of natural 
gas led to changes in the energy sectors of countries that purchase the LNG. These 
consequential effects were estimated by tracking differences in global GHG emissions and 
quantities of U.S. LNG exported from the GCAM model scenarios and assessed in comparison to 
existing NETL quantitative estimates of the upstream natural gas production.

In this project, the NEMS and GCAM models sought to represent economic and environmental changes 
associated with the defined changes in U.S. LNG exports. The GCAM model estimated global GHG 
emissions effects, including emissions associated with upstream natural gas. To compare the GCAM 
results with past NETL work used by DOE in support of natural gas and LNG export decisions, NETL 
assessed and aligned the emissions estimates of the two models.

1. Assessment of NEMS Domestic Natural Gas Production by Region

The NEMS modeling focused on domestic changes that would be expected to occur in the seven 
scenarios modeled. NETL evaluated the regional sources of natural gas using outputs from NEMS to 
compare them to the mix of regions NETL uses in existing assessments of upstream natural gas 
emissions. 

As shown in Appendix C, the NEMS results suggested only modest changes in the production mix by 
region and thus would not be expected to substantially change the domestic average GHG intensity per 
MJ of natural gas produced compared to previous analyses. As such, no regional adjustments were 
made to the results.

2. Comparison of GCAM and NETL Estimates of GHG Emissions of the 
Natural Gas sector

As discussed above, the GCAM model represents economic activity (and associated GHG emissions) by 
sectors and technologies, and their respective inputs and outputs, for regions, years, and scenarios. 
However, only a subset of these was relevant to the scope of the natural gas LCA-focused effort. 

Only three sectors in the GCAM model include greenhouse gas emissions of the natural gas sector: 
natural gas, gas pipeline, and other industrial energy use (see Appendix C for more detail). Using the 
basis of process stages as represented in the NETL Natural Gas model, Figure 25 shows the relevant 
GCAM sectors that have associated CO2 and non-CO2 emissions. While the overall GCAM model has 16 
species of GHG emissions, for the three sectors above relevant to the upstream natural gas sector, only 
emissions of CO2, CH4, and N2O were represented.

As summarized in Figure 25, all stages of the NETL LCA are explicitly represented in GCAM except for 
Ocean Transport, which was included as part of other industrial energy use but could not be separated 
out for this analysis. As a result, the comparison in this report was focused on a comparison of emissions 
from production of natural gas in the U.S. through delivery to a large end user rather than LNG delivered 
around the world. 
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Figure 25. Mapping of NETL natural gas stages to GCAM sectors

Quantitative values of emissions intensities in the year 2020 of the various GCAM sectors for the USA 
region for the three natural gas-relevant sectors are listed and compared to NETL natural gas model 
results in Appendix C. Note that in order to compare NETL and GCAM results, NETL model results were 
regenerated using LHV basis and differ from those published (as HHV by default) in the report.

Overall, the estimated upstream emissions for the USA in the GCAM model were about 8.52 g CO2e/MJ 
(on an IPCC AR6 100-year basis), which is slightly higher than those of the NETL model for the boundary 
of production through transmission to large end user (8.18 g CO2e/MJ, LHV basis). Using the relationship 
between those estimates, emissions results in the three GCAM natural gas sectors were adjusted by a 
factor of 8.18/8.52, or 0.96 (a 4% reduction) to maintain consistency with past NETL studies. This 
adjustment factor was used for all regions and for all years in the model. Similar adjustment factors 
were found for IPCC AR6 20-year and IPCC AR5 100-year and 20-year bases (see Appendix C for further 
details).

For context, in the GCAM results for S1 in Year 2020, total global GHG emissions are approximately 
53,000 Tg. The NETL adjustment post-processing of the GCAM model results on the IPCC AR6 100-year 
basis of the gas pipeline and natural gas sectors reduces emissions by about -7 and -35 Tg CO2e, 
respectively, when considering those of S1 in the Year 2020. Post-processing adjustments of the GCAM 
model results of the other industrial energy use sector reduce emissions by about -10 Tg CO2e when 
considering those of S1 in the Year 2020. The adjustments for these three sectors needed to align with 
past NETL studies have the cumulative effect of reducing estimated emissions from the GCAM model by 
about 0.2% (in S1 in the Year 2020).

This same process was undertaken for different IPCC GWP values, and the resulting alignment tables 
and adjustment factors are provided in Appendix C.

3. Market Adjustment Factor Results

Market adjustment factors (MAF) quantitatively estimate the consequential effect on global emissions 
as a function of U.S. LNG exported. MAFs for S2 were estimated versus a baseline of S1, while the MAF 
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for S7 was estimated versus a baseline of S6 given the significantly different global economy modeled in 
these scenarios.

MAFs were calculated using the post-processed NETL-adjusted GCAM results described previously. The 
MAF was calculated for each scenario by aggregate annual values over the time horizon of the model 
(i.e., the MAF for S2 versus S1 was defined as the total difference in annually-estimated global emissions 
over the 35-year period divided by the total difference in annually estimated exported LNG over the 
same period).

All MAFs were found using a variety of IPCC Assessment Report GWP values over 20- and 100-year time 
horizons, and with the raw and post-processed NETL adjusted GCAM results. MAF results from the IPCC 
Sixth Assessment Report on a 100-year time horizon are presented, and results for other IPCC 
Assessment Report and time horizons (and all raw GCAM results) are shown in Appendix C.

Table 4 shows the MAFs for S2 (vs. S1), which varied from -5.34 to -5.35 g CO2e/MJ on a 100-year time 
horizon (LHV basis). Also included is a summary reminder of the differences in the modeled scenarios 
(e.g., where S1 is the baseline and S2 added an economic solution for LNG exports, making a direct 
comparison of the two appropriate).

Table 4. Market Adjustment Factors for S2 vs. S1 (IPCC AR6, 100 year)

Results (g CO2e/ MJ)
MAF Case GCAM GCAM with LHV NETL 

adjustment
Scenario Difference

S2 vs. S1 -5.34 -5.35 Adds economic solution for LNG exports.

Table 5 shows market adjustment factors for S7 vs. S6, both of which represented significantly different 
energy and economic investments in support of a low-carbon economy through climate policies. The S7 
MFAs vary from -2.81 to -3.01 on a 100-year time horizon (LHV). 

Table 5. Market Adjustment Factors for S7 vs. S6 (IPCC AR6, 100 year)

Results (g CO2e/ MJ)
MAF Case GCAM GCAM with LHV NETL 

adjustment
Scenario Difference

S7 vs. S6 -3.01 -2.95 S6 1.5°C pathway, economic solution for LNG 
exports

4. Interpretation of Market Adjustment Factor Results

On an IPCC AR6 100-year basis, for S2-S1, the MAF result was approximately -5.4 g CO2e/MJ (LHV). For 
purposes of comparison, NETL estimated natural gas upstream emissions prior to delivery to a large 
industrial end user (like an LNG terminal) are 7.4 g CO2e/MJ (HHV). The MAF indicated that as U.S. LNG 
exports increased, the induced global market effects result in an overall reduction in GHG emissions that 
is about 70% of the estimated upstream emissions associated with production through delivery of the 
natural gas to a large industrial end user in the U.S. 
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The MAF result for S7-S6 was about -3 g CO2e/MJ (LHV). In a decarbonizing world, the overall reduction 
in emissions was 56% of the estimated upstream emissions associated with production through delivery 
of the natural gas to a large industrial end user in the U.S. This is consistent with the idea that as the 
global economy decarbonizes, the induced global decarbonization benefit of increased U.S. LNG will be 
less. Overall, both of these results were consistent with the overall GCAM results that increased U.S. 
exports did not lead to increased global GHG emissions. Global changes in GHG emissions were constant 
to slightly negative as U.S. natural gas exports increased and global energy demand increased. The GHG 
reductions represented by the negative MAF were not so large that U.S. LNG should be regarded as a 
global climate reduction strategy but, at the same time, a negative MAF suggested that increased U.S. 
LNG exports could be compatible with global decarbonization efforts. A positive MAF would suggest U.S. 
LNG was leading to overall increased global emissions. 

The results were aggregated in relation to estimated future volumes of exported LNG from the U.S. in 
the context of a global model. They represent overall expected effects and not those of individual 
shipments or authorizations of LNG. It is not possible to conclude that every MJ of exported LNG from 
domestic natural gas sources would directly lead to lower GHG emissions results when supplied around 
the world.

VI. CONCLUSIONS
The purpose of this study was 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 
comprised three coordinated analyses: 1) a Global Analysis to explore a wide range of scenarios of U.S. 
LNG exports under alternative assumptions about future socioeconomic growth, regional preferences 
for domestically produced natural gas, pace of technological 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. A number of key insights from this study are summarized below. Table 6 includes a 
summary of the key results across scenarios. 

1. Across all modeled scenarios, U.S. LNG exports continue to grow beyond current operational 
export capacity (14.3 Bcf/day) through 2050. In addition, U.S. natural gas production grow 
beyond current levels through 2050. Across all the scenarios, LNG exports range from 23-47 
Bcf/day. The range of U.S. LNG exports from this study is consistent with the U.S. EIA’s analysis 
(15-48 Bcf/day.)23 Compared to a scenario in which U.S. LNG exports follow the Reference Case 
from the AEO2023 (S1, growing to 27.3 Bcf/day by 2050), a scenario that assumes economically-
driven LNG export levels (S2) results in significant growth in U.S. LNG exports to 47 Bcf/day by 
2050. The availability of additional U.S. natural gas at competitive prices in the global natural gas 
market in the latter scenario (S2) results in a reduction in production, reduction in LNG exports, 
increase in LNG imports, and reduction in pipeline trade outside of the U.S.

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 

23 U.S. EIA. (2023). Issues in Focus: Effects of Liquefied Natural Gas Exports on the U.S. Natural Gas. Available at: 
Markethttps://www.eia.gov/outlooks/aeo/IIF_LNG/
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LNG export levels (S2) compared to the reference scenario (S1), as the availability of additional 
U.S. natural gas in the global market does not materially affect the competitiveness of natural 
gas relative to other fuels globally. Instead, it results in a shift in the regional composition of 
natural gas production and trade. The majority of U.S. natural gas substitutes for other global 
sources of natural gas.

3. U.S. natural gas prices as measured at the Henry Hub increases 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 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 DOE5 commissioned on the economic impacts from U.S. LNG exports in 2018.

4. U.S. residential prices 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). In none of the 
scenarios did the change in residential prices exceed 4% and generally by substantially less.

5. The value of industrial shipments remains essentially unchanged (increasing less than 0.1% by 
2050) when comparing a scenario that reflects global market demand for exports (S2) 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. Even though U.S. LNG exports continue to grow beyond existing and planned nameplate 
capacity across scenarios S1 through S5 to 23-47 Bcf/day by 2050, global and U.S. GHG 
emissions do not change appreciably. Global emissions in these scenarios range from 47.5-50.3 
GtCO2e and U.S. emissions range from 4.3-4.6 GtCO2e across these scenarios. 

7. The induced global market effects of a case that reflects global market demand for exports (S2) 
compared to the reference case (S1) are equivalent to an overall reduction in GHG emissions of 
about 70% of the estimated upstream emissions associated with production through delivery of 
the natural gas to a large industrial end user (e.g., to an LNG export facility) in the U.S. 

8. When compared to the other scenarios, S6 and S7 – in which countries are assumed to achieve 
their GHG emissions pledges and pursue ambitious GHG mitigation policies consistent with 
limiting global warming to 1.5°C – are characterized by a global transition resulting in lower in 
natural gas, coal, and oil consumption without CCUS; higher deployment of gas, coal and 
biomass with CCUS, and renewables; higher deployment of carbon dioxide removal strategies; 
and lower overall energy consumption. While in scenario S6, in which U.S. LNG exports are 
limited to the values from the AEO2023 Reference case (by design) and grow to 27.34 Bcf/day 
by 2050, S7 assume economically-driven outcomes resulting in U.S. LNG exports growing to 34 
Bcf/day by 2050. The higher growth in U.S. LNG exports in S7 compared to S6 is driven by 
increased global demand for natural gas with CCUS in the power and industrial sectors. Similar 
to the comparison between S1 and S2, the availability of additional U.S. LNG in S7 in the global 
natural gas market results in a very small increase in natural gas consumption, reduction in 
production, reduction in LNG exports, increase in LNG imports, and reduction in pipeline trade 
in the rest of the world compared to S6. Furthermore, with the higher U.S. LNG exports in S7 
compared to S6, U.S. natural gas prices are essentially unchanged within modeling tolerance, 
reaching $5.90/Mcf in S6 and $5.77/Mcf in S7 by 2050.
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Table 6. Key Results for U.S. and globe in 2050 across scenarios

Scenarios U.S. LNG Exports
(Bcf/d)

U.S. NG Henry Hub 
Price

($2022/Mcf)

US Net GHG 
Emissions
(GtCO2e)

Global Net GHG 
Emissions (GtCO2e)

S1 27.3 $3.61 4.5 48
S2-S5 23.1 – 48.7 $3.84-$4.79 4.3-4.6 47-50
S6-S7 27.3 – 33.6 $5.77-$5.90 0 17
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APPENDIX A: GLOBAL ANALYSIS AND DESCRIPTION OF GCAM

A. Additional detail about GCAM’s energy system

GCAM’s energy system contains representations of fossil resources (coal, oil, 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). Each of the sectors in GCAM includes technological detail. For example, 
the electricity generation sector includes several different technology options to convert coal to 
electricity such as pulverized coal with and without carbon capture, utilization, and storage (CCUS), and 
coal integrated gasification combined cycle (IGCC) with and without CCUS. The full list of technologies in 
various sectors in GCAM is documented in the GCAM documentation page (http://jgcri.github.io/gcam-
doc/).

In every sector within GCAM, individual technologies compete for market share based on the levelized 
cost of a technology. The cost of a technology in any period depends on (1) its exogenously specified 
non-energy cost, (2) its endogenously calculated fuel cost, and (3) any cost of emissions as determined 
by the climate policy. The first term, non-energy cost, represents capital, fixed and variable operating 
and maintenance (O&M) costs incurred over the lifetime of the equipment (except for fuel or electricity 
costs), expressed per unit of output. For example, the non-energy cost of coal-fired power plant is 
calculated as the sum of overnight capital cost (amortized using a capital recovery factor and converted 
to dollars per unit of energy output by applying a capacity factor), fixed and variable operations and 
maintenance costs. The second term, fuel or electricity cost, depends on the specified efficiency of the 
technology, which determines the amount of fuel or electricity required to produce each unit of output, 
as well as the cost of the fuel or electricity. The various data sources and assumptions are documented 
in the GCAM documentation page (http://jgcri.github.io/gcam-doc/). The prices of fossil fuels and 
uranium are calculated endogenously. Fossil fuel resource supply in GCAM is modeled using graded 
resource supply curves that represent increasing cost of extraction as cumulative extraction increases. 
Wind and rooftop PV technologies include resource costs that are also calculated from exogenous 
supply curves that represent marginal costs that increase with deployment, such as long-distance 
transmission line costs that would be required to produce power from remote wind resources. Utility-
scale solar photovoltaic and concentrated solar power technologies are assumed to have constant 
marginal resource costs regardless of deployment levels. 

In GCAM, technology choice is determined by market competition. The market share captured by a 
technology increases as its costs decline, but GCAM uses a logit model of market competition. This 
approach is designed to represent decision making among competing options when only some 
characteristics of the options can be observed and avoids a “winner take all” response. 
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B. Additional detail about scenario design

Table A-1. Detailed assumptions in the S4: Regional Import Limits scenario

Region Type GCAM Regions High-level target / 
sanction

Developed countries, natural 
gas importers with sufficient 
domestic resources

EU-12, EU-15, Europe_Eastern, 
Europe_Non_EU

Reduce gross imports to 
90% by 2035 and zero by 
2040

Developed countries, natural 
gas importers with low 
domestic natural gas 
resources

Japan, South Korea, Taiwan Maintain current import 
dependence through 2050

Developing countries, natural 
gas importers

Brazil, China, India, Pakistan, 
Southeast Asia, Mexico, South Africa 

Maintain current import 
dependence through 2050

Natural gas exporters USA, Africa_Eastern, Africa_Northern, 
Africa_Southern, Africa_Western, 
Australia_NZ, Canada, Central America 
and Caribbean, Central Asia, European 
Free Trade Association, Indonesia, 
Middle East, South America_Southern, 
South America_Northern, South Asia, 
Colombia, Argentina

Reduce gross imports to 
90% by 2035 and zero by 
2040

Russia Russia Same as S2
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C. Additional GCAM results

Figure A-1. Global natural gas consumption by sector across all scenarios

Figure A-2. Global natural gas consumption by region across all scenarios
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Figure A-3. Global natural gas production by region across all scenarios

Figure A-4. Global LNG exports by region across all scenarios
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Figure A-5. Global LNG imports by region across all scenarios

Figure A-6. Global primary energy consumption by fuel across all scenarios
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Figure A-7. Global GHG emissions by sector across all scenarios
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APPENDIX B: U.S. ANALYSIS AND DESCRIPTION OF AEO2023-NEMS AND FECM-NEMS

A. Modeling U.S. LNG exports 

AEO2023-NEMS and FECM-NEMS have two methods available to calculate LNG export capacity: 
endogenous and exogenous. There is a switch in the input files that can be toggled between the two 
methods before executing a run. S1 uses the EIA AEO2023 reference case, which calculates LNG export 
capacity endogenously; S2 through S6 are initialized with exogenous export capacity, which use 
exogenous LNG export values from the GCAM model for each scenario. Both AEO2023-NEMS and FECM-
NEMS follow a similar process with only minor differences in a small number of input values. In most 
cases (including all cases discussed in this report) LNG exports will equal LNG export capacity because 
the cost to construct capacity is so high that capacity will rarely be left unused once built. Therefore, the 
following description can be treated as an explanation for how AEO2023-NEMS and FECM-NEMS 
calculate LNG Export volumes. 

The algorithm for calculating LNG export capacity endogenously has two steps. In the first step, 
AEO2023-NEMS considers LNG exports from existing or planned LNG export facilities. Beginning with 
Cheniere’s Sabine Pass facility, which started exporting LNG in 2016, AEO2023-NEMS runs through a list 
of export facilities specified in an input file. This list is updated with each version of the AEO; AEO2023-
NEMS includes existing and planned facilities expected to start or expand production by the end of 
2025. For each facility, AEO2023-NEMS slowly increases production over the first few months to 
represent an export facility ramping up to full capacity.

The second step in the endogenous algorithm involves a prediction of future LNG exports. AEO2023-
NEMS uses a set of exogenous values in an input file to specify how much demand Europe and Asia will 
have for LNG imports, as well as how much supply of non-U.S. LNG will exist on the market. Then, 
considering the volume of U.S. LNG exports at a given model year, AEO2023-NEMS calculates how the 
ratio of supply and demand changes over time. This ratio, together with the world oil price, is used to 
calculate the price at which international customers will purchase U.S. LNG. The purchase price 
algorithm is constructed in such a way that rises in the oil price, decreases or slowdowns in future LNG 
supply, or increases in future LNG demand will all increase the purchase price of LNG, and vice-versa. 
The influence that each factor has on LNG purchase price is controlled by several input parameters.

In addition to a purchase price, AEO2023-NEMS calculates the price at which U.S. LNG could be sold for. 
This “sale price” combines the natural gas Henry Hub price with various costs that represent the stages 
of preparing pipeline gas for LNG transport (including liquefaction, fuel consumption, shipping, and 
regasification). AEO2023-NEMS then compares the sale price to purchase prices at different destinations 
and determines a discounted net present value (NPV) of new LNG construction over the subsequent 20 
years. Depending on the NPV, AEO2023-NEMS will decide to increase LNG export capacity by 0 to 600 
Bcf/d. The increase in capacity takes effect after a four year “construction” period and brief “phase-in” 
period.

The algorithm in AEO2023-NEMS to calculate LNG export capacity exogenously is far simpler. A table in 
an input file lists LNG export capacity by year; these values are used by AEO2023-NEMS to set LNG 
exports for that year. In S2 through S6, various parameters, including LNG export volumes, are 
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calculated by the GCAM model. The LNG export volumes are converted to the correct input format and 
adopted by AEO2023-NEMS as the exogenous LNG export capacity. 

B. Additional detail on U.S. natural gas markets

1. Regional natural gas production

Figure B-1 and Figure B-2 plot onshore natural gas production by region for the first five scenarios and 
the net-zero scenarios, respectively, in 2025 and 2050. Offshore natural gas production comprises a 
small portion of the total (<4 % in all scenarios and years) and is omitted from these figures.

Figure B-1. U.S. Regional Natural gas production, S1 through S5

Natural gas production experienced an upward trend across all scenarios by 2050, equaling or exceeding 
39 Tcf. S3 exhibited the highest production level at 48 Tcf, influenced by the global demand for natural 
gas. Expansion is primarily characterized by a significant increase in production in the Gulf region, 
subsequently followed by the Southwest and the East. Conversely, scenario S4 sees the lowest natural 
gas production at 39 Tcf with least production growth in the Gulf region.
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Figure B-2. U.S. regional natural gas production in S6 and S7

Onshore natural gas production grows significantly from 2025 to 2050 for both net-zero scenarios, rising 
from 37 Tcf in 2025 to 52 Tcf in S6 and 54 Tcf in S7, respectively, by 2050. The large growth in natural 
gas production is primarily due to demand from DAC facilities, with only a small increase associated with 
elevated LNG exports in the S7 scenario. Natural gas production rises in all regions, with the largest 
absolute increases coming from the East (6.4 Tcf in S6 and 6.2 Tcf in S7) and Gulf (3.8 Tcf in S6 and 5.3 
Tcf in S7) regions and the largest increase by percentage coming from the Southwest (47% in S6 and 58% 
in S7).

2. Natural gas consumption by economic sector

Figure B-3 plots natural gas consumption for electric power, industry, residential use, commercial use, 
and transportation over time for S1 through S5.
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Figure B-3. U.S. natural gas consumption by sector, S1 through S5

Natural gas consumed for electricity was inversely correlated with LNG exports and natural gas prices for 
S1-S4. From a starting point of 11.6 Tcf in 2020, the first three scenarios drop to similar consumption 
volumes of 6.5-6.6 Tcf in 2035 before slightly increasing to 7.6 Tcf (S1) or plateauing at 6.7 and 6.6 Tcf 
(S2 and S3, respectively) in 2050. The increased consumption of natural gas for electricity in S1 can be 
explained as a response to price reductions caused by plateauing LNG exports, whereas high prices and 
exports in S2 and S3 lead to a flat consumption trend. S4 – the scenario with the fewest exports and 
lowest prices through the first half of the model – exhibited the highest consumption for electricity in 
2035 of 7.9 Tcf, which rises and falls slightly to a similar level to S1 in 2050 (7.8 Tcf). S5 is again an outlier 
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here, reporting consistently lower natural gas consumption that hit a minimum of 3.4 Tcf in 2050. This 
trend is a consequence of its low renewable costs reducing the demand for natural gas in the electric 
sector.

Unlike for electricity, there was no significant difference between scenarios in the rate of natural gas 
consumption in the industrial, residential, or commercial sectors. Industrial natural gas consumption 
rises from 9.9 Tcf in 2020 to 12.2-12.4 Tcf in 2050 across the five scenarios; residential consumption 
remains relatively unchanged at 4.7 Tcf from 2020 to 2050 with some small variations; and commercial 
consumption rises and falls slightly from 3.2 Tcf in 2020 to 3.4 Tcf in 2050.

Natural gas consumed for transportation has a different response to changes in LNG exports, compared 
with the other consumptions sectors. The transportation category is dominated by pipeline fuel: natural 
gas consumed to power infrastructure underlying the natural gas supply chain, which includes LNG 
exports. Increases in natural gas consumption for transportation therefore correlate strongly with the 
quantity of LNG exports; S3 exhibits the highest consumption in the transportation sector by 2050, 
followed by S2 and S5, S1, and finally S4.

The sector-by-sector changes across the five scenarios end up cancelling each other out for S1-S4, 
leading to nearly identical total natural gas consumption values, as seen in  Figure 16 in the main text. 
Only S5, thanks to its low renewable costs, exhibits a lower overall U.S. natural gas consumption trend.

Comparisons of S1 through S5 with S6 and S7 are complicated because of the many significant changes 
to the energy economy (going from AEO2023-NEMS to FECM22-NEMS) that occur to satisfy the net-zero 
criteria. Relative to S1, natural gas consumption values decline across most sectors in S6 and S7 but are 
substantially higher in the industry sector (where DAC consumption is categorized). Figure B-4 plots 
natural gas consumption for the net-zero cases on a sector-by-sector basis.
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Figure B-4. U.S. natural gas consumption by sector, net-zero scenarios

Differences in historical natural gas consumption and subsequent short-term effects cause a difference 
in natural gas consumption for electricity in 2020 and 2025 between S6 and S7 (from the FECM-NEMS 
model) and S1 through S5 (from the AEO2023-NEMS model). Similar differences in the historical data 
exist for all sector-specific consumption values. Volumes of natural gas consumed for electricity track 
closely between the two net-zero cases across most of the modeling years, ranging from 5.7 to 5.9 Tcf in 
2035 for S6 and S7, respectively, and rising in later years to 6.5 Tcf and 6.6 Tcf. S6 reports a lower 
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DAC is the main technology used by FECM-NEMS to meet the CO2 cap and by 2050 is responsible for 
removing 1930 MMT CO2 per year in S6 and 1850 MMT CO2 per year in S7. A considerable amount of 
natural gas is consumed to support these levels of DAC: 16.8 Tcf and 16.2 Tcf in 2050 for S6 and S7, 
respectively. More detail on CO2 removal technologies in FECM-NEMS is given in the section below.

In conclusion, even though four out of the five sectors exhibit decreases when comparing natural gas 
consumption in the net-zero scenarios to S1 and S2, the strong increases in the industrial sector (mainly 
from increases in DAC) cause overall U.S. natural gas consumption to be significantly higher by 2050 in 
S6 and S7. There is minimal difference between the S6 and S7 results, suggesting that the differences in 
LNG exports between the net-zero scenarios play a limited role in altering natural gas consumptions 
trends.

C. CO2 removal technologies in FECM-NEMS

CO2 removals in FECM-NEMS are driven by three technologies: production of hydrogen with 
sequestered biomass, BECCS, and DAC. Figure B-6 plots CO2 removals for each technology and scenario 
by year.

Figure B-6. U.S. CO2 emissions and removals, net-zero scenarios

DAC is most widely used in both net-zero scenarios and scales up rapidly after 2030 to account for 1930 
MMT CO2 removed in S6 and 1850 MMT CO2 removed in S7 (89% and 87% of total removals, 
respectively) by 2050. H2 biomass and BECCS see significantly less adoption by 2050 in both scenarios; 
the former reaches 200 (9% of total) and 240 (11% of total) MMT CO2 removed in S6 and S7, 
respectively, whereas the later reaches approximately 40 MMT CO2 removed in both scenarios (2% of 
total removals). 
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FECM-NEMS relies on two sets of DAC technology assumptions: “grid”, and “NG only,” derived from the 
literature using updated cost and performance data from FECM.24 Both use natural gas to power the 
capture process; DAC-grid offsets some of the natural gas demand by using electricity as well as lists the 
specific technical assumptions underlying the two DAC options. 

Table B-1. DAC technology assumptions in FECM-NEMS

Capex, 
$/ton-year

CRF Capex, 
$/ton

Opex, $/ton Electricity 
demand, 
kwhr/ton

Natural gas 
demand, 

MMBtu/ton
Grid $1,300 7.1% $112 $71 450 8.75
NG Only $1,500 7.1% $129 $83.6 0 9.27

The effect of DAC on natural gas markets in S6 and S7 can be seen in the rapid growth of total natural 
gas consumption and subsequent rise in natural gas prices (Figure 18) in the main text. By 2050, natural 
gas consumption equals 16.8 Tcf and 16.2 Tcf for S6, and S7, respectively, reaching natural gas prices of 
$5.90 2022/Mcf and $5.77 2022/Mcf. 

FECM-NEMS models the deployment of carbon removal technologies by determining a CO2 price that 
represents the market equilibrium cost to capture and abate CO2 emissions. FECM-NEMS adjusts the 
CO2 price in accordance with the imposed carbon cap to ensure that the correct number of CO2 
emissions are abated each year.

24 National Academies of Sciences, Engineering, and Medicine. (2019). Negative Emissions Technologies and 
Reliable Sequestration: A Research Agenda. Washington, DC: The National Academies Press. 
https://doi.org/10.17226/25259.
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APPENDIX C: SUPPORTING LCA ANALYSIS 

A. NEMS and NETL LCA model comparison

The NEMS modeling done in this project focused on domestic changes that would be expected to occur 
in the seven scenarios modeled. NETL reviewed the NEMS data to evaluate if the regional production 
mix of natural gas would be expected to change over time. If the NEMS results suggested that 
production would be expected to shift significantly from the current mix of regions, and especially if to 
distinctly higher or lower intensity regions, then adjustments would be recommended to the assumed 
GHG intensity for U.S. natural gas in the results.

For S1 - S7, NEMS modeled data of dry natural gas production of “Production by OGSM District” was 
mapped to a state and then to an NETL natural gas model region as shown in Table C- 1. Note that 
several “states” are offshore regions.

Table C- 1. Matching NEMS (OGMP States) to NETL states and subsequently regions

Production by OGSM District State Region
 Alabama, North Alabama Southeast
 Alabama, South Alabama Southeast
 Arizona Arizona Southwest
 Arkansas Arkansas Southeast
 California California Pacific
 Colorado Colorado Rocky Mountain
 Connecticut Connecticut Northeast
 Delaware Delaware Northeast
 Washington, D.C. Washington Pacific
 Florida Florida Southeast
 Georgia Georgia Southeast
 Idaho Idaho Rocky Mountain
 Illinois Illinois Midwest
 Indiana Indiana Midwest
 Iowa Iowa Midwest
 Kansas Kansas Midwest
 Kentucky Kentucky Southeast
 Louisiana, North Louisiana Southeast
 Louisiana, South Louisiana Southeast
 Maryland Maryland Northeast
 Massachusetts Massachusetts Northeast
 Michigan Michigan Midwest
 Minnesota Minnesota Midwest
 Mississippi, North Mississippi Southeast
 Mississippi, South Mississippi Southeast
 Missouri Missouri Midwest
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Production by OGSM District State Region
 Montana Montana Rocky Mountain
 Nebraska Nebraska Midwest
 Nevada Nevada Rocky Mountain
 New Hampshire New York Northeast
 New Jersey New Jersey Northeast
 New Mexico, East New Mexico Southwest
 New Mexico, West New Mexico Southwest
 New York New York Northeast
 North Carolina North Carolina Southeast
 North Dakota North Dakota Midwest
 Ohio Ohio Midwest
 Oklahoma Oklahoma Southwest
 Oregon Oregon Pacific
 Pennsylvania Pennsylvania Northeast
 Rhode Island Rhode Island Northeast
 South Carolina South Carolina Southeast
 South Dakota South Dakota Midwest
 Tennessee Tennessee Southeast
 Texas RRC 1 Texas Southwest
 Texas RRC 2 Texas Southwest
 Texas RRC 3 Texas Southwest
 Texas RRC 4 Texas Southwest
 Texas RRC 5 Texas Southwest
 Texas RRC 6 Texas Southwest
 Texas RRC 7B Texas Southwest
 Texas RRC 7C Texas Southwest
 Texas RRC 8 Texas Southwest
 Texas RRC 8A Texas Southwest
 Texas RRC 9 Texas Southwest
 Texas RRC 10 Texas Southwest
 Utah Utah Rocky Mountain
 Virginia Virginia Northeast
 Washington Washington Pacific
 West Virginia West Virginia Northeast
 Wisconsin Wisconsin Midwest
 Wyoming Wyoming Rocky Mountain
 North Atlantic State Offshore North Carolina Southeast
 South Atlantic State Offshore South Carolina Southeast
 Alabama State Offshore Alabama Southeast
 Louisiana State Offshore Louisiana Southeast
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Production by OGSM District State Region
 Texas State Offshore Texas Southwest
 California State Offshore California Pacific
 North Atlantic Federal Offshore North Carolina Southeast
 Mid Atlantic Federal Offshore Federal Offshore - GoM Southeast
 South Atlantic Federal Offshore South Carolina Southeast
 Eastern GOM Federal Offshore Federal Offshore - GoM Southeast
 Central GOM Federal Offshore Federal Offshore - GoM Southeast
 Western GOM Federal Offshore Federal Offshore - GoM Southeast
 California Federal Offshore California Pacific
 Northern Pacific Federal 
Offshore

Federal Offshore - GoM Southeast

 Alaska Federal Offshore Federal Offshore - GoM Southeast
This classification enables the aggregation of dry production data (excluding extraction losses) by region 
for each respective year, as summarized with every 10 years of data in Table C-2. 

Table C-2 Regional dry production (trillion cubic feet) between 2020 and 2050, S1

Region 2020 2030 2040 2050
Midwest 3.26778 2.82406 2.40796 2.094116
Northeast 9.540964 11.14082 13.03394 14.08478
Pacific 0.163061 0.285247 0.296763 0.280681
Rocky Mountain 3.328845 2.899944 2.796355 2.687115
Southeast 4.587738 6.084166 6.64734 5.720366
Southwest 12.2792 13.3737 15.27886 16.65195

From this aggregated data, the production ratio is calculated by dividing the region-specific production 
by the total U.S. production for each year and summarized in Table C-3.

Table C-3 Regional dry production ratio, S1

Region 2020 2030 2040 2041 2050
Midwest 9.85 7.71 5.95 5.79 5.04
Northeast 28.77 30.43 32.21 32.75 33.92
Pacific 0.49 0.78 0.73 0.71 0.68
Rocky Mountain 10.04 7.92 6.91 6.94 6.47
Southeast 13.83 16.62 16.43 15.94 13.78
Southwest 37.02 36.53 37.76 37.87 40.11

Figure C-1 shows the percent of natural gas dry production for each region of S1 as compared to total 
production in each year between 2020 and 2050. The same process was done for the other scenarios. 
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Figure C-1. Dry NG production percentage time-series for each region

This percentage can be multiplied with the 2020 GHG intensity values for each region from the NETL 
Natural Gas report16 (shown in Table C-4) to estimate future GHG intensity results, as described in this 
mathematical representation:

𝐺𝐻𝐺𝑀𝑖𝑑𝑤𝑒𝑠𝑡,2021 = 𝐺𝐻𝐺𝑀𝑖𝑑𝑤𝑒𝑠𝑡,2020 ×  𝑑𝑟𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜𝑀𝑖𝑑𝑤𝑒𝑠𝑡, 2021

and finding the weighted US average GHG intensity across regions.

Table C-4. Regional GHG Intensities (gCO2e/MJ) from 2020 NETL Natural Gas Report

Region GHG (gCO2e/MJ)
Midwest 8.44
Northeast 6.23
Pacific 11.3
Rocky Mountain 10.01
Southeast 9.02
Southwest 8.80

Overall, Figure C-2 suggests that the NEMS-modeled changes in domestic production by region across 
the scenarios are not expected to have a significant effect on the GHG intensity of domestic production 
(given the 2020 data on GHG intensity by region) if only the trend in “dry production” (based on delivery 
shares) is considered. 
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Figure C-2. Estimated U.S. Average GHG Intensity (g CO2e/MJ) (S1 through S7), Production through 
Transmission (2020 - 2050)

B. Global Change Assessment Model – data inputs to LCA

The GCAM model is an input-output-based model primarily represented by sectors and technologies and 
their respective inputs and outputs for particular years and scenarios. Across all years and scenarios, 
GCAM has 105 discrete sectors, 377 discrete technologies, and many sector-technology pairs that can 
vary depending on the model configuration. However, only a subset of these factors is relevant to this 
analysis (i.e., with a focus on the natural gas sector).

Results provided by PNNL for the various Scenarios (1-7) and years modeled were provided as described 
in Table C-5, and were processed accordingly. 

Table C-5. Provided set of GCAM Data Documentation

File Data Represented

co2_em_tech_202
3.06.22

Provides data showing CO2 emissions in megatons per year (MtCO2/yr) for 
various sectors, energy sources or “technology” for 6 different scenarios across 
each of 37 regions.

non_co2_em_tech
_2023.06.22

Provides data showing non-CO2 emissions in Gigagrams (Gg) equivalent to 
metric kilotons or 1,000 metric tons, for various sectors, energy sources or 
“technology” and 6 different scenarios across each of 37 regions.

inputs.by.tech_202
3.06.22

Provides detailed information about energy consumption and capacity in 
different regions and sectors along with specific technologies and years. It can 
be used to analyze and understand the energy landscape, make projections, 
and assess the impact of various factors on energy consumption and capacity 
(sub-sector is not applicable in this dataset).

outputs.by.tech_2
023.06.22

Reports the energy production within the various regions, by sectors, (sub-
sector is not applicable in this dataset) along with specific technologies and 
years.
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Columns Description
scenario scenario or context for which the data is provided such as “S1: Existing 

Capacity,” which suggests that the data corresponds to the existing capacity or 
infrastructure in the region.

Region This column specifies the geo-political region under consideration.

Sector This column categorizes the different sectors or areas of activity for which 
carbon dioxide emissions are being measured, e.g., “agricultural energy use”, 
“cement”, “air_CO2”, etc.

sub-sector Within each sector, there may be further divisions or subcategories to specify 
the specific aspect of the sector being measured, e.g., “mobile”, “stationary,” 
etc. indicating different types of energy use within a single sector

technology This column identifies the specific technology or energy source being utilized 
within the subsector. For example, “refined liquids” and “biomass”

year The specific year or time period for which the CO2 emissions values are 
provided, this ranges from 2015 to 2050.

value corresponding carbon dioxide emissions values for the given combination of 
scenario, region, sector, subsector, technology, and year. The values represent 
the estimated or projected amount of CO2 emissions in megatons per year in 
this specific file as depicted in the “Units” column (not mentioned separately in 
this table).

ghg Refers to the greenhouse gas that is being emitted. It identifies the specific type 
of gas responsible for the emissions, e.g., CH4, N2O, HFC125, C2F6, etc.

input, output Additional details or characteristics about the technology or process. It helps to 
differentiate between different aspects or variations within a specific 
technology. Examples in the datasets include “elect_td_ind” (electricity 
transmission and distribution for industrial use) and “H2 wholesale dispensing” 
(hydrogen wholesale dispensing).

C. GCAM and NETL emissions intensity comparison 

As noted in the main report, only three sectors of the GCAM model have information relevant to the 
upstream natural gas supply chain. The GCAM gas pipeline and natural gas sectors are assumed to 
wholly incorporate natural gas-relevant emissions, and so total emissions are extracted from GCAM 
model output result files.

However, the other industrial energy use sector contains a diverse set of activities that are connected to 
overall GDP of each region, making it relatively difficult to explicitly identify emissions related to natural 
gas. GCAM incorporates a variety of data sources to represent activity in this sector. Relevant to natural 
gas activities for this sector, 2015 IEA data on energy use by oil and gas production activities used by the 
GCAM modeling team were provided and utilized to apportion GHG emissions associated with natural 
gas activity, as in Table C-6. The provided data (not shown) details what percent of energy use in the 
sector was from the IEA energy flows (e.g., 25% of total sectoral energy use in a region from Extraction 
and Gathering and Boosting). As 99.5% of GHG emissions in the other industrial energy use sector are 
CO2, only the IEA data source was used and only CO2 data for that sector was adjusted.
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Table C-6. LCA Stage Cross-Mapping

NETL LCA stage IEA energy flow GCAM sector – 
energy & CO2

CEDS sector GCAM sector – 
nonCO2

Extraction Oil and Gas 
Extraction

other industrial 
energy use

1B2b_Fugitive-
NG-prod

natural gas

Gathering and 
Boosting

Oil and Gas 
Extraction

other industrial 
energy use

1B2b_Fugitive-
NG-prod

natural gas

Processing Gas works other industrial 
energy use

1A1bc_Other-
transformation

other industrial 
energy use

Domestic Pipeline 
Transport 1

Pipeline Transport gas pipeline 1B2b_Fugitive-
NG-distr

natural gas

Liquefaction Liquefaction 
(LNG) / 
Regasification 
Plants

other industrial 
energy use

1A1bc_Other-
transformation

other industrial 
energy use

Ocean Transport International 
Marine Bunkers 2

trn_shipping_intl 2 1A3di_Internation
al-shipping

trn_shipping_intl

Regasification Liquefaction 
(LNG) / 
Regasification 
Plants

other industrial 
energy use

1A1bc_Other-
transformation

other industrial 
energy use

Pipeline 
Transport (at 
destination) 1

Pipeline Transport gas pipeline 1B2b_Fugitive-
NG-distr

natural gas

This IEA data is aggregated into oil and gas activities such as “Extraction, Gathering and Boosting”, 
“Processing”, and “Liquefaction and Regasification”. However, a challenge is that the IEA data represent 
extraction of both oil and gas resources, which were variously allocated for the natural gas products. 
Given the lack of data on liquefaction and regasification in the 2015 IEA data (including for the U.S.), 
emissions from those activities are excluded from the analysis, consistent with the focus on upstream 
natural gas effects.

The emissions intensity cells in Table C-7 show the underlying equation used to generate values on an 
AR6-100 basis, where the numerator is the total emissions from the GCAM model for the USA region for 
Scenario S1 for the year 2020 for each of the three greenhouse gases (if available), normalized by the 
total production of U.S. natural gas and oil from the GCAM model in 2020 (32.46 EJ and 22.46 EJ, 
respectively). Units of emissions intensity follow those internal to the GCAM model, which are Tg CO2 

equivalent per Exajoule, which conveniently are equal to g CO2e/MJ, the same units as used in the NETL 
model. Thus, the bottom rows in Table C-7show comparisons to those of the NETL model.

As implemented, this adjustment factor of 0.96 is directly applied to GHG emissions in all regions for the 
natural gas and gas pipeline sectors as they wholly related to natural gas activities. The existing 
methane mitigation trend in the GCAM emissions data for the natural gas sector was preserved by using 
this adjustment method.

For the other industrial energy use sector, the adjustment is complicated by the fact that the sector 
includes many activities beyond natural gas. If the adjustment factor were wholly applied to the GHG 
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emissions of the sector, then the total emissions in GCAM would be reduced for both natural gas and 
non-natural gas activities. A compromise was made to estimate the total needed reductions in emissions 
associated with only natural gas activity for each region, and to reduce the emissions of the other 
industrial energy use sector by that amount. While this does not achieve a full alignment of these 
associated emissions (i.e., it does not lead to a 4% reduction in emissions intensity for the other 
industrial energy use sector), it avoids the outcome where that sector’s emissions are reduced for all of 
the other activities. 

These adjustments to emissions from all regions, all scenarios, and all years were applied to existing 
GCAM model results (i.e., the GCAM model was not re-run or scenarios optimized based on these 
adjustments).

Table C-7. GCAM Emissions Intensities for Sectors (S1, 2020, USA region, AR6-100 basis)

Estimated GCAM Emissions Intensity (LHV)
(Tg CO2e / EJ, g CO2e / MJ) [IPCC AR6 100 yr]

GCAM 
Sector

NETL LCA 
Stage

Comments/Potentia
l mapping 
inaccuracy

CO2 CH4 N2O

gas pipeline Transmissio
n and 
Storage

Have assumed this 
fully represents the 
Transmission sector 
equivalent to the 
NETL NG model.

38.0/32.5 = 1.17 - -

natural gas Production + 
Gathering & 
Boosting + 
Processing 

From discussions 
with GCAM team, 
this sector 
represents all other 
natural gas related 
activities, thus the 
mapping to all other 
NETL stages other 
than transmission.

- 139.0/32.5 = 
4.28

.015/32.5 = 
4.5 E-4

other 
industrial 
energy use 
(technology 
= gas or gas 
cogen)a

92.9/32.5 = 2.86 - -

other 
industrial 
energy use 
(technology 
= refined 
liquids and 
refined 
liquids 
cogen)a

For 2015, 
Extraction, 

Gathering & 
Boosting

Estimates from IEA 
energy shares.

For technology = gas 
or gas cogen, all GHG 
emissions allocated 
to the natural gas 

product.

For technology = 
refined liquids or 

refined liquids 
cogen, GHG 

emissions are 
allocated to the 

11/(32.5+22.5) = 0.2 - -
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other 
industrial 
energy use 
(electricity)a

natural gas and 
crude oil products on 

an energy (EJ) 
produced basis from 
GCAM output data.

- - -

Total GCAM by gas (LHV) = 1.17 + 2.86 + .2 = 
4.23 

4.28 4.5 E-4

Total GCAM (LHV) 8.52

Subtotal from NETL Model, Processing through 
Transmission boundary – LHV basis

8.18

Adjustment factor (LHV) 8.18/8.52 = 0.96

Using the same detailed approach, Tables C-8 through C-10 more succinctly summarize the provided 
GCAM values and adjustments identified for the IPCC AR values.

Table C-8. GCAM Emissions Intensities for Sectors (S1, 2020, USA region, AR6-20 basis)

Estimated GCAM Emissions Intensity
(Tg CO2e / EJ, g CO2e / MJ) [IPCC AR6 20 yr]

GCAM Sector CO2 CH4 N2O
gas pipeline 1.17 - -
natural gas - 11.86 4.5 E-4

other industrial energy use 
(technology = gas or gas cogen)

2.86 - -

other industrial energy use 
(technology = refined liquids and 
refined liquids cogen)

0.2 - -

Total GCAM by gas (LHV) = 1.17 + 2.86 + .2 = 
4.23 

11.86 4.5 E-4

Total GCAM (LHV) 16.1
NETL (LHV basis) 13.8
Adjustment Factor (LHV) 0.86
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Table C-9. GCAM Emissions Intensities for Sectors (S1, 2020, USA region, AR5-100 basis)

Estimated GCAM Emissions Intensity
(Tg CO2e / EJ, g CO2e / MJ) [IPCC AR5 100 yr]

GCAM Sector CO2 CH4 N2O

gas pipeline 1.17 - -
natural gas - 5.18 4.9 E-4

other industrial energy use (technology 
= gas or gas cogen)

2.86 - -

other industrial energy use (technology 
= refined liquids and refined liquids 
cogen)

0.2 - -

Total GCAM by gas (LHV) = 1.17 + 2.86 + .2 
= 4.23 

5.18 4.9 E-4

Total GCAM (LHV) 9.41

NETL (LHV basis) 8.84

Adjustment Factor (LHV) 0.94

Table C-10. GCAM Emissions Intensities for Sectors (S1, 2020, USA region, AR5-20 basis)

Estimated GCAM Emissions Intensity
(Tg CO2e / EJ, g CO2e / MJ) [IPCC AR5 20 yr]

GCAM Sector CO2 CH4 N2O

gas pipeline 1.17 - -
natural gas - 12.36 4.4 E-4

other industrial energy use (technology = 
gas or gas cogen)

2.86 - -

other industrial energy use (technology = 
refined liquids and refined liquids cogen)

0.2 - -

Total GCAM by gas (LHV) = 1.17 + 2.86 + .2 
= 4.23 

12.36 4.4 E-4

Total GCAM (LHV) 16.6
NETL (LHV basis) 14.2
Adjustment Factor (LHV) 0.86
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Table C-11 shows the GWP of key greenhouse gases which were used in conjunction with the emissions 
factors to derive the overall life-cycle greenhouse gas intensity.

Table C-11. GWP Values used in this analysis

Greenhouse Gas AR5-100
(with ccf)

AR5-20
(with ccf)

AR6-100 AR6-20

CH4 (fossil) 36 86 29.8 82.5
CH4 (non-fossil) 34 84 27.2 80.8
N2O (fossil) 298 268 273 273
N2O (non-fossil) 298 268 273 273
HFC125 3691 6207 3740 6740
HFC134a 1549 3789 1530 4140
HFC143a 5508 7064 5810 7840
HFC23 13856 11005 14600 12400
HFC32 817 2502 771 2690
SF6 26087 17783 24300 18200
HFC245fa 1032 2992 962 3170
HFC365mfc 966 2724 914 2920
C2F6 12340 8344 12400 8940
CF4 7349 4954 7380 5300
HFC43 1952 4403 1600 3960
HFC152a 167 524 164 591
HFC227ea 3860 3860 3600 5850
HFC236fa 8998 9810 8690 7450

Note that unlike the natural gas system-specific emission comparisons and adjustments discussed above 
which focus on CO2, CH4, and N2O, GCAM estimates emissions of sixteen GHGs and all are included in 
this study. 

1. Market Adjustment Factors for other IPCC GWP Values

Table C-12 shows all MAF results for Scenario 2.

Table C-12. NETL-adjusted MAF results for S2

Results (g CO2e/ MJ, LHV basis)
MAF Case AR5, 100 

with ccf
AR5, 20
with ccf

AR6-100 AR6-20 Scenario Difference

S2 vs. S1 - unadjusted -5.85 -9.17 -5.34 -8.86
S2 vs. S1 - adjusted -5.86 -9.12 -5.35 -8.74

Adds economic solution for 
LNG exports.
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Table C-13 shows all MAF results for Scenario 7.

Table C-13 NETL-adjusted MAF results for S7

Results (g CO2e/ MJ, LHV basis)
MAF Case AR5, 100 

with ccf
AR5, 20 AR6-100 AR6-20 Scenario Difference

S7 vs. S6 - unadjusted -3.54 -7.54 -3.01 -7.25
S7 vs. S6 - adjusted -3.44 -7.26 -2.95 -6.61

S6 1.5°C pathway, 
economic solution for LNG 

exports

Table C-14 shows the underlying annual CO2e emissions and US LNG export volumes used in the MAF 
calculations above for the AR6-100 case (with adjustments).

Table C-14. Annual Export Volumes of US LNG and Adjusted Global CO2 Emissions (AR6-100 basis)

Scenario Year US Export LNG (EJ) Global CO2e Emissions (Tg)
S1 2015 0.018 49656.4
S1 2016 0.538 50410.5
S1 2017 1.058 51164.6
S1 2018 1.578 51918.8
S1 2019 2.097 52672.9
S1 2020 2.617 53427.0
S1 2021 3.086 52816.1
S1 2022 3.555 52205.2
S1 2023 4.023 51594.3
S1 2024 4.492 50983.3
S1 2025 4.961 50372.4
S1 2026 5.372 50692.9
S1 2027 5.782 51013.5
S1 2028 6.193 51334.0
S1 2029 6.603 51654.5
S1 2030 7.014 51975.0
S1 2031 7.544 51974.5
S1 2032 8.074 51973.9
S1 2033 8.605 51973.4
S1 2034 9.135 51972.9
S1 2035 9.665 51972.3
S1 2036 9.766 51862.9
S1 2037 9.867 51753.5
S1 2038 9.968 51644.2
S1 2039 10.069 51534.8
S1 2040 10.170 51425.4
S1 2041 10.170 51339.6
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Scenario Year US Export LNG (EJ) Global CO2e Emissions (Tg)
S1 2042 10.170 51253.8
S1 2043 10.170 51168.0
S1 2044 10.170 51082.2
S1 2045 10.170 50996.5
S1 2046 10.170 50853.8
S1 2047 10.170 50711.2
S1 2048 10.170 50568.6
S1 2049 10.170 50426.0
S1 2050 10.170 50283.4
S2 2015 0.018 49656.4
S2 2016 0.538 50410.5
S2 2017 1.058 51164.6
S2 2018 1.578 51918.8
S2 2019 2.097 52672.9
S2 2020 2.617 53427.0
S2 2021 3.086 52816.1
S2 2022 3.555 52205.2
S2 2023 4.023 51594.3
S2 2024 4.492 50983.3
S2 2025 4.961 50372.4
S2 2026 5.372 50692.9
S2 2027 5.782 51013.5
S2 2028 6.193 51334.0
S2 2029 6.603 51654.5
S2 2030 7.014 51975.0
S2 2031 7.462 51975.0
S2 2032 7.910 51975.0
S2 2033 8.358 51975.0
S2 2034 8.806 51975.0
S2 2035 9.254 51975.0
S2 2036 9.996 51862.2
S2 2037 10.738 51749.4
S2 2038 11.481 51636.5
S2 2039 12.223 51523.7
S2 2040 12.965 51410.9
S2 2041 13.561 51323.2
S2 2042 14.157 51235.6
S2 2043 14.753 51147.9
S2 2044 15.350 51060.3
S2 2045 15.946 50972.7
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Scenario Year US Export LNG (EJ) Global CO2e Emissions (Tg)
S2 2046 16.271 50824.2
S2 2047 16.597 50675.8
S2 2048 16.922 50527.3
S2 2049 17.248 50378.9
S2 2050 17.573 50230.4
S3 2015 0.018 49656.4
S3 2016 0.538 50440.8
S3 2017 1.058 51225.3
S3 2018 1.578 52009.7
S3 2019 2.097 52794.2
S3 2020 2.617 53578.6
S3 2021 3.086 52949.2
S3 2022 3.555 52319.7
S3 2023 4.023 51690.2
S3 2024 4.492 51060.8
S3 2025 4.961 50431.3
S3 2026 5.371 50776.7
S3 2027 5.781 51122.1
S3 2028 6.191 51467.5
S3 2029 6.601 51812.9
S3 2030 7.011 52158.3
S3 2031 7.486 52193.5
S3 2032 7.961 52228.6
S3 2033 8.435 52263.8
S3 2034 8.910 52298.9
S3 2035 9.385 52334.1
S3 2036 10.148 52260.8
S3 2037 10.910 52187.4
S3 2038 11.673 52114.0
S3 2039 12.435 52040.7
S3 2040 13.198 51967.3
S3 2041 13.826 51922.6
S3 2042 14.453 51877.9
S3 2043 15.081 51833.2
S3 2044 15.709 51788.5
S3 2045 16.337 51743.8
S3 2046 16.697 51646.1
S3 2047 17.057 51548.4
S3 2048 17.417 51450.7
S3 2049 17.777 51353.0
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Scenario Year US Export LNG (EJ) Global CO2e Emissions (Tg)
S3 2050 18.136 51255.3
S4 2015 0.018 49656.4
S4 2016 0.538 50410.5
S4 2017 1.058 51164.6
S4 2018 1.578 51918.8
S4 2019 2.097 52672.9
S4 2020 2.617 53427.0
S4 2021 3.086 52816.7
S4 2022 3.555 52206.5
S4 2023 4.023 51596.2
S4 2024 4.492 50985.9
S4 2025 4.961 50375.7
S4 2026 4.873 50698.7
S4 2027 4.784 51021.8
S4 2028 4.696 51344.8
S4 2029 4.607 51667.8
S4 2030 4.519 51990.9
S4 2031 4.602 51989.4
S4 2032 4.685 51987.8
S4 2033 4.768 51986.3
S4 2034 4.851 51984.8
S4 2035 4.934 51983.2
S4 2036 5.080 51874.4
S4 2037 5.226 51765.6
S4 2038 5.371 51656.7
S4 2039 5.517 51547.9
S4 2040 5.662 51439.1
S4 2041 6.004 51348.5
S4 2042 6.345 51257.9
S4 2043 6.687 51167.4
S4 2044 7.028 51076.8
S4 2045 7.370 50986.3
S4 2046 7.612 50840.2
S4 2047 7.854 50694.2
S4 2048 8.096 50548.1
S4 2049 8.338 50402.1
S4 2050 8.580 50256.1
S5 2015 0.018 49656.4
S5 2016 0.538 50409.0
S5 2017 1.058 51161.6
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Scenario Year US Export LNG (EJ) Global CO2e Emissions (Tg)
S5 2018 1.578 51914.1
S5 2019 2.097 52666.7
S5 2020 2.617 53419.3
S5 2021 3.086 52803.6
S5 2022 3.555 52187.8
S5 2023 4.023 51572.1
S5 2024 4.492 50956.3
S5 2025 4.961 50340.6
S5 2026 5.372 50661.1
S5 2027 5.782 50981.7
S5 2028 6.193 51302.2
S5 2029 6.604 51622.8
S5 2030 7.015 51943.3
S5 2031 7.467 51939.6
S5 2032 7.920 51935.9
S5 2033 8.373 51932.2
S5 2034 8.826 51928.5
S5 2035 9.279 51924.8
S5 2036 10.020 51808.5
S5 2037 10.760 51692.1
S5 2038 11.500 51575.8
S5 2039 12.241 51459.5
S5 2040 12.981 51343.2
S5 2041 13.561 51248.0
S5 2042 14.141 51152.9
S5 2043 14.722 51057.7
S5 2044 15.302 50962.5
S5 2045 15.882 50867.3
S5 2046 16.216 50710.9
S5 2047 16.550 50554.5
S5 2048 16.884 50398.1
S5 2049 17.219 50241.7
S5 2050 17.553 50085.3
S6 2015 0.018 49656.4
S6 2016 0.538 50410.9
S6 2017 1.058 51165.4
S6 2018 1.578 51920.0
S6 2019 2.097 52674.5
S6 2020 2.617 53429.0
S6 2021 3.086 52542.1
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Scenario Year US Export LNG (EJ) Global CO2e Emissions (Tg)
S6 2022 3.555 51655.2
S6 2023 4.023 50768.2
S6 2024 4.492 49881.3
S6 2025 4.961 48994.3
S6 2026 5.067 49084.3
S6 2027 5.173 49174.3
S6 2028 5.278 49264.3
S6 2029 5.384 49354.3
S6 2030 5.490 49444.3
S6 2031 5.782 48082.7
S6 2032 6.075 46721.2
S6 2033 6.367 45359.6
S6 2034 6.659 43998.0
S6 2035 6.951 42636.4
S6 2036 7.481 41287.6
S6 2037 8.010 39938.9
S6 2038 8.539 38590.1
S6 2039 9.068 37241.3
S6 2040 9.597 35892.5
S6 2041 9.712 34455.5
S6 2042 9.827 33018.4
S6 2043 9.941 31581.4
S6 2044 10.056 30144.4
S6 2045 10.170 28707.3
S6 2046 10.170 27334.6
S6 2047 10.170 25961.9
S6 2048 10.170 24589.1
S6 2049 10.170 23216.4
S6 2050 10.170 21843.7
S7 2015 0.018 49656.4
S7 2016 0.538 50410.9
S7 2017 1.058 51165.4
S7 2018 1.578 51920.0
S7 2019 2.097 52674.5
S7 2020 2.617 53429.0
S7 2021 3.086 52542.1
S7 2022 3.555 51655.2
S7 2023 4.023 50768.2
S7 2024 4.492 49881.3
S7 2025 4.961 48994.3
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Scenario Year US Export LNG (EJ) Global CO2e Emissions (Tg)
S7 2026 5.067 49084.3
S7 2027 5.173 49174.3
S7 2028 5.278 49264.3
S7 2029 5.384 49354.3
S7 2030 5.490 49444.3
S7 2031 5.782 48082.7
S7 2032 6.075 46721.2
S7 2033 6.367 45359.6
S7 2034 6.659 43998.0
S7 2035 6.951 42636.4
S7 2036 7.481 41287.6
S7 2037 8.010 39938.9
S7 2038 8.539 38590.1
S7 2039 9.068 37241.3
S7 2040 9.598 35892.5
S7 2041 10.012 34454.7
S7 2042 10.427 33016.8
S7 2043 10.842 31578.9
S7 2044 11.257 30141.1
S7 2045 11.671 28703.2
S7 2046 11.836 27329.8
S7 2047 12.001 25956.4
S7 2048 12.166 24583.1
S7 2049 12.331 23209.7
S7 2050 12.496 21836.3




