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2.1 Introduction
The Paris Climate Agreement calls for “holding the increase in the global average 
temperature to well below 2°C above pre-industrial levels.” A recent IPCC report has 
catalyzed a new  consensus that even a 2°C increase is too high and that warming should 
be kept below 1.5°C to avoid dangerous climate change. This will require reaching zero net 
emissions of CO₂ globally by mid-century (Figure 2.1a).¹ Some scientists further assert that 
a return to 1°C by the end of the century will be necessary to avoid irreversible changes 
to the climate system, requiring not only decarbonization of the economy but negative 
net emissions that draw CO₂ out the atmosphere (Figure 2.1b).² Following the scientific 
evidence, jurisdictions around the world have begun adopting the goal of reaching carbon 
neutrality, or “net-zero,” by mid-century. 
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Figure 2.1. (a) Global CO₂ emissions trajectories consistent with limiting warming to 1.5°C or less. (IPCC, 2018) 
(b) Trajectories for returning warming to less than 1°C by 2100 (Hansen et. al, 2017). 

Below we describe technology pathways by which the United States can achieve carbon 
neutrality by 2050. The descriptions are based on an in-depth modeling study of the 
decarbonization of the U.S. energy system currently under review at a scientific journal, 
which will be attached to this report as a technical reference upon publication.  We draw 
here on the main results of that study.  This chapter addresses technical and cost aspects 
of reaching carbon neutrality, leaving policy and societal aspects to other chapters.

We modeled the infrastructure changes required in each year from 2020 to 2050 to keep net 
CO₂ emissions decreasing in a straight line path from the current level of 5.2 billion metric 
tons to zero at mid-century (Figure 2.2). This is a four percent per year rate of reduction in 
net emissions, and a reduction in cumulative emissions of more than 60 billion metric tons 
of CO₂ compared to business-as-usual.

Figure 2.2. Emissions trajectories for the reference scenario and carbon neutral central scenario. In the latter, 
residual gross emissions of 316 MMT (million metric tons) CO₂ in 2050 are offset by sequestration.
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This analysis focuses on how to eliminate CO₂ from the use of fossil fuel for energy 
and industrial feedstocks, which constitutes more than 80 percent of current U.S. GHG 
emissions.³ The scope of the analysis does not include negative CO2 emissions from the 
“land carbon sink” or the emissions of non-CO₂ GHGs such as methane and nitrous oxide. 
Combined, these currently have net emissions of about +500 MMT CO₂e. Mitigation in 
these areas, from a combination of increasing the land sink and reducing non-CO₂ GHG 
emissions, will be needed for total U.S. GHG emissions to reach net-zero or below, even if 
the energy system by itself is carbon neutral. 

We developed six scenarios for meeting the net-zero target, following the approach in 
our previous work, Pathways to Deep Decarbonization in the United States (2014) and Policy 
Implications of Deep Decarbonization in the United States (2015).⁴ A baseline reference 
scenario is based on the Department of Energy’s long-term forecast, the Annual 
Energy Outlook (AEO). For comparability, decarbonized scenarios used the same AEO 
assumptions for population, GDP, and industrial production, and were required to meet 
the same demand for energy services as the reference case. Only commercial or near-
commercial technologies were assumed to be available options for reaching the emissions 
target. 

Among the carbon-neutral scenarios, the central scenario was the one that reached zero net 
emissions in 2050 at the lowest net cost. Other carbon-neutral scenarios were developed to 
test the robustness of the central scenario against assumptions about future costs, and limits 
on what decarbonization options were available. The constraints include limits on land use 
for building electricity supply infrastructure; limits on biomass use; limits on the use of 
any non-renewable form of primary energy, including fossil fuel and nuclear power; and 
delayed adoption by consumers of critical low-carbon technologies such as EVs and heat 
pumps. One scenario requires going well beyond carbon neutrality to meet net negative 
emissions of -500 Mt CO₂ in 2050. Finally, one scenario explores the effects of a high level 
of behavior-based conservation (but for this reason is not comparable to the reference 
scenario in terms of energy services provided). 

The scenarios were modeled using two sophisticated analysis tools, EnergyPATHWAYS 
(EP) and RIO, which provide a high level of detail in sector (more than 100 subsectors), 
time (annual turnover of equipment stocks plus an hourly electricity dispatch), and 
geography (14 different regions of the U.S., modeled separately). Demand for energy was 
developed bottom-up in EP and fed into RIO, which then developed the least-cost supply of 
energy to satisfy this demand while meeting emissions, policy, and reliability constraints. 
These modeling tools allowed us to rigorously analyze technical feasibility and the cost of 
supplying and using energy. 
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2.2 Pathways to Carbon Neutrality

There is no doubt that moving from an economy based primarily on fossil fuel use 
to one based primarily on decarbonized energy sources within thirty years involves 
a monumental transformation. Yet, as our analysis shows, from a technical and cost 
standpoint, carbon neutrality is an achievable outcome if the right policies are in place.  

The sections below describe:

• the main strategies of decarbonization (“the four pillars”)
• the energy system transition
• the pace and scale of infrastructure transformation needed
• the cost and reliability of a high-renewables electricity system
• the production of low-carbon fuels for use in hard-to-electrify applications in industry, 

aviation, and freight transport
• the integration of carbon capture, utilization, and storage (CCUS) within the energy 

system
• the effects of resource constraints and societal tradeoffs
• priority actions for the next decade

2.2.1 Four Pillars of Deep Decarbonization
The transition from a high-carbon to a low-carbon energy system in general is based 
on three main strategies: (1) using energy more efficiently (2) decarbonizing electricity; 
and (3) switching from fuel combustion in end uses to electricity.⁵ Reaching net-zero or 
net-negative emissions requires an additional strategy: (4) carbon capture.i  Mid-century 
benchmarks for each of the strategies are shown in Figure 2.3 for the central scenario. 
Carbon intensity of electricity was reduced by 95 percent. The share of electricity in 
meeting final energy demand tripled, from 20 percent to 60 percent, including fuels 
derived from electricity. Per capita energy use was reduced 40 percent, and energy 
intensity of GDP reduced by two-thirds, as a result of increased efficiency. Carbon capture 
reached 800 Mt CO₂ per year, up from negligible levels today. The emissions reduction 
impacts of these strategies are multiplicative, so they must be simultaneously applied to 
achieve their full potential (for example, electrification is much less effective in reducing 
emissions if electricity still has a high carbon intensity). Thus, successful implementation 
requires economy-wide coordination of the four foundational strategies across all sectors.  
Note that these strategies are the common elements across all scenarios that reach net-
zero; additional measures may be required.

i  Carbon capture is not identical to carbon capture and storage (CCS), in which the captured carbon is 
geologically sequestered.  Much of the captured carbon in these scenarios is not sequestered but utilized in 
the production of fuels and feedstocks.  Even the 100% primary renewable energy pathway requires captured 
carbon for producing renewable fuels, but there is no sequestration in this case.  See Fig. 2.15.
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Figure 2.3. Four main strategies of carbon neutrality, comparing current values to 2050 central scenario.

2.2.2 The Energy Transition
The “Sankey diagrams” in Figure 2.4 illustrate the energy system transformation resulting 
from applying the strategies described above. The diagrams show the forms of primary 
energy used in the U.S. economy on the left side of the figure, with energy conversion 
processes in the middle, and final energy consumption on the right side. The upper 
diagram shows the current system in 2020 and the lower diagram shows the 2050 central 
scenario. Illustrating the importance of greater energy efficiency, in the central scenario 
both primary energy supply and final energy consumption are substantially lower (30 
percent and 20 percent lower, respectively) than today’s level despite 30 years of rising 
energy service demand that comes with population and GDP growth.

The shares of fossil fuel in the primary energy supply decrease dramatically from today’s 
level, replaced mainly by wind, solar, and biomass. Coal, which has a very high carbon 
content per unit of energy it provides, is eliminated entirely. Natural gas (~75 percent 
reduction) and petroleum (~90 percent reduction) are reduced to niche roles including 
industrial feedstocks, certain forms of transportation, and a limited amount of natural 
gas power generation needed to maintain reliability in an electricity system composed 
primarily of wind and solar generation. Electricity increases to meet 50 percent of end-
used demand, with zero-carbon drop-in fuels providing most of the rest. Conversion 
processes that play a minimal role today – advanced biofuel refining, and the production 
of hydrogen and synthetic fuels from electricity – become key components of a carbon-
neutral energy system. Not shown in the figure, CO₂ emissions from the small remaining 
fossil fuel use in energy and industry are captured directly or offset using CCUS.
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Figure 2.4. Sankey diagrams for the U.S. energy system: (a) current system in 2020 (b) central scenario in 2050.
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2.2.3 Transforming the Infrastructure
Decarbonizing the U.S. energy system requires an infrastructure transition over the next 
three decades that implements the four pillars (Figure 2.3). This transition is methodical 
in pace, following the natural turnover of infrastructure stocks, but thoroughly changes 
the underlying technologies. At the end of its normal economic lifetime, high-emitting, 
low-efficiency, and fossil-fuel consuming infrastructure is replaced by low-emitting, high-
efficiency, and electricity-consuming infrastructure; only coal and certain petroleum-
burning power plants need to be retired early to stay on the net-zero emissions path. 
Figure 2.5 and Figure 2.6 illustrate the infrastructure transition in three sectors that 
comprise about two-thirds of current U.S. CO₂ emissions: electric power generation, on-
road vehicles, and space and water heating in buildings.

Figure 2.5 Electric generation capacity, central scenario.

Electric generating capacity increases dramatically as required to simultaneously 
decarbonize the electricity supply and meet growing demand from newly electrified 
end uses. By 2050, generation capacity increases by 3000 GW, with virtually all of the 
net increase coming from wind and solar, an average rate of about 100 GW per year.  
Meanwhile, coal generating capacity is fully retired by 2030.
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Figure 2.6 Infrastructure transition on the demand side, central scenario.  (Top left) Residential space heating. 
(Bottom left) Residential water heating.  (Top right) Cars and light trucks.  (Bottom right) Medium and heavy 
duty trucks. 

Efficiency and electrification produce similar changes in demand-side infrastructure that 
complement the decarbonization of energy supplies. By 2050, more than 260 million out 
of 280 million cars and light trucks are battery electric vehicles, almost entirely replacing 
internal combustion vehicles with more efficient electric alternatives. Eighty percent of 
medium- and heavy-duty trucks are battery-electric or hydrogen-powered vehicles. In 
residential buildings, electric heat pumps constitute 110 million out of 140 million space 
heating units, and 80 million out of 150 million water heating units, with electric resistance 
heaters comprising most of the remainder. This enables residential buildings to heat with 
the lowest-cost source of decarbonized energy, which is renewables-based electricity.
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2.2.4 Low-Carbon Electricity
There is no longer uncertainty regarding what is the lowest cost form of decarbonized 
electricity supply: renewables, nuclear, or fossil generation with CCS. Ongoing declines 
in the cost of wind and solar have made renewable energy not only the least-cost form of 
electricity generation in a decarbonized system, but in many cases the least-cost form of 
decarbonized primary energy supply economy-wide. As a result, carbon-neutral electricity 
systems are organized around very high levels of renewable generation, even when that 
requires investment in complementary technologies and new operational strategies. 

In the central scenario, the optimal electricity generation mix is 90 percent wind and solar. 
Reliable operation of such a system requires an approach to balancing supply and demand 
in real-time that is different from conventional power systems, with a suite of solutions 
that are deployed based on the time scale of the imbalance (e.g., hours, days, weeks) and 
whether there is an energy deficit or an energy surplus. The most cost-effective approach 
to balancing combines thermal generation to provide reliable capacity during times of 
deficit with transmission, energy storage, and flexible loads that move surplus energy in 
time or space, plus curtailment.

Figure 2.7 illustrates the problem of balancing in a high renewables system for the specific 
case of a northeastern state that relies primarily on wind for decarbonized electricity. On 
a high wind day, wind and solar production exceed load in most hours of the day, with the 
over-generation being partly exported to other states, partly converted to hydrogen by 
means of electrolysis, partly used to heat water in industrial boilers, and partly shifted in 
time with storage and flexible loads. Thermal generation is not required. On a low-wind 
day, by contrast, to meet load a combination of  high levels of thermal generation and high 
transmission imports is required. In general, extended periods of low renewables output 
combined with high loads determine the amount of thermal capacity required for reliably 
meeting demand. 

Figure 2.7 Generation and load for a northeastern state in 2050 for (L) a low wind day, and (R) a high wind day.
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The form of thermal capacity that pairs best with a high renewables system is gas-fired 
capacity without carbon capture, due to its low capital cost. Figure 2.8 shows dispatchable 
capacity in 2020 and 2050. The gas fleet in the central scenario is about 600 GW in 2050, 
somewhat larger than the roughly 500 GW of gas capacity in the U.S. today. This provides 
the bulk of the dispatchable capacity required by the system in 2050. These plants, while 
essential for reliability, are operated less frequently as the share of renewable generation 
grows, reaching an average capacity factor of about 10 percent in 2050. Because there are 
relatively few operating hours in which to recover fixed costs, plants with low capital cost 
are preferred. The high capital cost of nuclear plants and gas plants with CCS makes them 
uneconomic given such low utilization rates. At the same time, nuclear and gas with CCS 
are not competitive with wind and solar for supplying energy in bulk. To remain within 
carbon constraints, gas plants without carbon capture either burn natural gas and those 
emissions are offset elsewhere in the energy system, or they burn zero-carbon fuels such 
as renewable gas produced from biomass or electricity.

Figure 2.8 The role of gas-fired capacity in a reliable net-zero electricity system.

Non-thermal balancing resources are employed to address the oversupply of renewable 
energy. Some curtailment of wind and solar is economic, but below 5 percent in all 
scenarios. Batteries economically time-shift renewable generation from surplus to deficit 
periods over the period of a day; battery capacity in the central scenario is about 200 GW 
with an average duration of about 7 hours. However, batteries are not economic for 
balancing on longer time scales and cannot replace thermal generation for reliability. 
Flexible consumer loads (e.g., EV charging and water heating) are similarly valuable 
for short-term balancing but not over longer durations. Large, industrial-scale flexible 
loads, such as electrolysis and dual-fuel industrial boilers, can address energy surpluses 
lasting periods of days to months, producing useful products from generation that would 
otherwise be curtailed and support integration of very high levels of renewables.

Transmission enables high renewables electricity systems to take advantage of 
geographically diverse load and generation profiles. In the central scenario, high voltage 
transmission capacity between different regions increases from 80 GW to 200 GW, a 150 
percent increase. Most transmission is built to connect wind-rich and wind-poor regions, 
generally from the wind belt in the center of the U.S. toward the Southeast and Mid-
Atlantic.
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2.2.5 Low-Carbon Fuels
Based on current technology forecasts, electricity can meet about 50 percent of final 
energy demand in a carbon-neutral system. The remaining 50 percent must be met with 
fuels, especially where the weight or volume of batteries makes electrification difficult, as 
in aviation; where high process temperatures are needed; in thermal power generation; 
and in industrial processes and feedstocks that require hydrocarbons. Fuels for these 
essential applications are the source of residual CO₂ in a system otherwise powered by 
decarbonized electricity, so different strategies are employed to minimize the need for 
fuels and to decarbonize fuel supply. Figure 2.9 shows the effect of energy efficiency, 
including the energy efficiency that results from electrification in the case of electric 
vehicles and heat pumps. In the central scenario, primary energy requirements are reduced 
by 30 percent from today’s level in 2050. Fuel use of all kinds is reduced by 60 percent, with 
fossil fuels being reduced by 85 percent.  

Figure 2.9. Primary energy sources for the reference and central scenarios.

The remaining fuel demand is met with a combination of “drop-in” carbon-neutral fuels 
that directly replace fossil fuels without significant changes in the end-use technology 
(e.g., jet engines), or fuels whose CO₂ is captured post-combustion or offset by negative 
emissions elsewhere in the energy system, for example by sequestering carbon released in 
biofuel refining. There are three primary energy sources for carbon-neutral fuels: 

• Biomass. Biomass is refined using pyrolysis and the Fischer-Tropsch process to 
synthesize a variety of necessary fuel types; conventional corn ethanol disappears as 
internal combustion engines are replaced by EVs. 

• Wind and solar electricity. Hydrogen is produced by electrolysis, and used either 
directly in end use technologies or combined with carbon in the synthesis of 
hydrocarbon fuels. 

• Fossil fuels, especially natural gas, are either used directly in limited quantities with 
carbon capture or offsetting, or in the production of carbon-neutral fuels, starting with 
the production of hydrogen by steam methane reforming (SMR) with carbon capture. 



382. TECHNOLOGY PATHWAYS TO NET-ZERO

Many different types of fuels are needed – fuel for jet engines, diesel engines, steam 
production, pipeline gas, etc. – and the blends of each will depend on economic and 
resource considerations, such as relative prices and ecological limits. The fuel blends for 
the central scenario are shown in Figure 2.10.

Figure 2.10. Fuel blends for diesel, jet fuel, gasoline, pipeline gas, hydrogen, and steam today and in 2050 
central scenario.

All three fuel sources have potential resource constraints. For biomass, there is the 
question of how much biomass feedstock can be produced sustainably. In this analysis, 
the maximum amount is the resource potential identified in the DOE Billion Ton Study 
Update, which in energy terms is about 21 EJ.⁶ In the central scenario, about 60 percent of 
the resource potential is used. For electricity-derived fuels, there is the question of how 
much land is available for renewable generation and transmission. Some fuel production 
can be done with overgeneration, but the greater the quantity of electricity-derived fuels 
required, the more dedicated generation and land is required. For the CCS needed to 
accompany fossil fuel use, there is a limit on the rate that CO₂ can be injected into geologic 
formations for sequestration. For this study, an upper limit of 2 Gt CO₂/year was assumed. 
In the central scenario, about 0.3 Gt CO₂/year was sequestered in 2050, and in all cases the 
maximum rate was less than half of the injection limit. 

In addition to these resource limits, there are also cost considerations. Fuels from all these 
sources have increasing costs with volume, depending on primary energy cost, transport 
cost, end-use efficiency, and carbon content. Among fossil fuels, natural gas is the last 
fossil fuel to be replaced in a cost-minimizing system because it is the least expensive on 
an energy basis and has the lowest carbon content. The way carbon is captured depends 
on the end use. Post-combustion “end-of-pipe” capture is cost-effective for concentrated, 
high volume CO₂ streams from sources like cement, while offsetting is used for small and 
widely dispersed sources for which it is not economic to build carbon capture. Offsetting 
is accomplished by bioenergy with CCS (BECCS) or direct air capture (DAC).  The level of 
residual fossil fuel use depends in part on relative prices. With high fossil fuel prices, fossil 
fuels tend to be replaced by drop-in carbon-neutral alternatives; with low fossil fuel prices, 
emissions offsetting is more cost-effective for some applications.
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2.3 Robust Findings Across Scenarios

2.3.1 Alternative Pathways
The central scenario is the least-cost carbon-neutral system, based on our assumptions 
about future costs, with the least constraints on decarbonization options. In the future, 
resource limitations or societal preferences may place constraints on economically 
preferred options that require other, higher-cost alternatives to be used. Accordingly, 
we developed alternative scenarios to explore the impact of potential constraints on 
technology choices and costs:

Limited land: Biomass supply was limited to 50 percent of the technical potential, and the 
land area available for onshore wind and utility-scale solar was limited to 50 percent of 
central scenario value. The effect of these constraints was to improve the competitiveness 
of nuclear, offshore wind, and CCS power generation, plus leading to higher residual fossil 
fuel use which in turn increased carbon sequestration.

Delayed electrification: Consumer adoption of electrified end-use technologies such as 
electric vehicles and heat pumps was assumed to be delayed by 15 years relative to the 
central scenario. The effect of this constraint was to require more electricity-derived fuels, 
biofuels, fossil fuels, and carbon sequestration. It also required more electricity generation 
to meet the demand for electric fuels, and with that higher land use.

100 percent renewable primary energy: This scenario was constrained to have no 
remaining fossil fuel or nuclear energy by 2050, including for feedstocks. The effect of this 
constraint was to require more electricity, solar and wind generating capacity, electricity-
derived fuels, biofuels, and land. Gas generation for electric reliability used synthetic 
carbon-neutral fuels. Perhaps surprisingly, carbon capture technology was still needed in 
order to provide the carbon for synthesizing hydrocarbon fuels and feedstocks. 

Low demand: To explore the effects of aggressive energy conservation, energy service 
demand in key end-uses was reduced 20-40 percent below reference scenario levels. The 
effect of this constraint was to require less primary and final energy, infrastructure, and 
land. 

Net negative: This scenario was the least-cost cost case that produced net negative 
emissions of -500 Mt CO₂ in 2050, consistent with a 350 ppm or 1ºC global trajectory in 
2100 if continued at that level.  The result of this constraint was to require greater use of 
negative emissions technologies and higher carbon sequestration.  Perhaps surprisingly, 
net-negative is a feasible scenario with a relatively small increase in incremental cost, but 
is more difficult to achieve than net-zero if decarbonization options are limited.

Since future costs may diverge from those assumed in the central scenario, we also 
assessed the sensitivity of our results to changes in the main drivers of those costs, namely 
renewable technology costs and oil prices.   
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2.3.2 Cost of Carbon Neutrality
The cost of reaching carbon neutrality in the central scenario was $145 billion in 2050, 
representing 0.4 percent of forecast GDP for that year (Figure 2.11).  This is the net energy 
system cost, which is the difference between the costs of supplying and using energy in 
the central scenario versus that for the reference scenario, including fuels used for industrial 
processes and feedstocks. The net cost is a result of a large swing in gross costs, with 
roughly $950 billion in spending on efficient and low-carbon technologies such as wind 
generators and EVs, which enable savings of $800 billion in fossil fuel costs. Put another 
way, deep decarbonization represents a shift from an energy system that is dominated by 
variable costs to a system with much higher capital expenditures and much lower variable 
costs. At 0.4 percent of 2050 GDP, the incremental cost of decarbonization for the central 
scenario is a remarkable decline, given that a few years ago, analysts were calculating a 
net cost of about 2 percent of GDP for less aggressive emission reductions (80 percent by 
2050). Ongoing cost decreases in solar, wind, and EV batteries have driven these lower cost 
estimates.  Sensitivity analysis produced a range of 0.2 percent to 1.2 percent of GDP. Note 
that our analysis only evaluated the energy costs of the transition to carbon neutrality and 
did not count the potentially very large economic benefits of avoiding climate change and 
other energy-related environmental and public health impacts.ii

ii  See, for example, Risky Business: The Economic Risks of Climate Change in the United States.

Figure 2.11 Net energy system cost of central scenario, 2020-2050 in 2018 USD.  The black line shows net cost, 
and the colored bars show the incremental costs of the central scenario relative to the reference scenario.
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For the alternative scenarios, limiting decarbonization options resulted in higher costs 
than the central scenario. The range of net cost across scenarios was 0.4 percent to 
0.9 percent of GDP in 2050, with the 100 percent renewable primary energy case being 
the highest at 0.9 percent. The net negative case, with a considerably higher emissions 
reduction ambition, was 0.6 percent.

To put these costs in context, historical U.S. spending on energy has ranged from six 
percent to 13 percent of GDP during the half-century from 1970 to the present (Figure 
2.12).  In the reference scenario, this is projected to decline to 3.8 percent in 2050. In the 
carbon-neutral central scenario, energy spending is also predicted to decline over time, 
but not as quickly as the reference scenario, reaching 4.2 percent of GDP in 2050. Thus the 
results are compelling; a decarbonized energy system based on our central scenario will 
only cost 0.4 percent more than the reference scenario. 

In terms of financing decarbonization, incremental capital investment in the central 
scenario averaged $600 billion per year. This is about ten percent of current U.S. total 
capital investment of $6 trillion per year in all sectors, a relatively small share that 
indicates that finance per se is unlikely to present a barrier if policies to limit risk and 
allow cost recovery are in place. The more likely barriers are political-economic, from 
opposition to the shift in money flows within the energy economy away from fossil 
fuels and toward technology, and the effects on fossil fuel extraction industries and the 
communities that currently depend on them.

Figure 2.12.  Total U.S. spending on energy, historical and modeled.
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2.3.3 A High Renewables Electricity System is Robust 
Across Cases

A common result across the alternative pathways is that the lowest cost approach to 
decarbonization is by organizing the energy system around deploying high levels of 
renewable energy. The left-hand panel of Figure 2.13 shows the 2050 generation mix is 90 
percent or more wind and solar for all cases except in the limited land case, which despite 
land constraints that make new nuclear generation economic in some parts of the country 
with limited wind resources, still has an 80 percent renewable system. As with the central 
scenario, across scenarios the most cost-effective approach to maintaining reliability was 
a combination of flexible loads, storage, and a large fleet of gas-fired thermal capacity 
that operates infrequently. The right-hand panel of Figure 2.13 illustrates this is even true 
in the 100 percent renewable primary energy case, in which the gas-fleet runs even less 
frequently and burns drop-in zero-carbon fuels, but is still a necessary part of the least-
cost supply portfolio.      

Figure 2.13. Generation and dispatchable capacity in 2050.
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2.3.4 The Pathway to Fuel Decarbonization is Varied and 
Less Certain

While electricity generation mixes were very similar across cases, fuel mixes differed 
widely as a function of resource constraints and price sensitivities (Figure 2.14). The 100 
percent renewable energy case was the only scenario with significant decarbonization 
of pipeline gas. The delayed electrification case had significantly higher biomass use to 
supply decarbonized fuels, which because of lower electrification constituted a greater 
share of final energy demand. The limited land case, having less biofuel and less electric-
fuel production capacity, used more fossil fuels with CCUS, including for production 
of hydrogen and synthetic hydrocarbons; in other words, fossil fuels were used as the 
feedstocks for carbon-neutral fuels. The net negative case followed the same basic 
approach as the central scenario, but with greater use of biomass and renewable electricity 
to produce zero-carbon drop-in fuels. The net negative scenario depended more heavily on 
carbon capture for both fuel production and managing emissions.

Our results demonstrate that there are many technically feasible fuel pathways for 
carbon neutrality, but the optimal pathway will be uncertain until future fossil fuel 
price trajectories, levels of electrification, cost and potential of biomass and geologic 
sequestration, land available for renewable energy and transmission siting, are better 
known. Fortunately, if electricity decarbonization and electrification are conducted at 
the scale and pace needed during the 2020s, to stay on the carbon neutral straight line 
emissions path decarbonized fuels will not be required in bulk until the late 2030s, so there 
is time to determine optimal strategies.

Figure 2.14. Primary energy and fuel blend shares across scenarios.
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2.3.5 Carbon Capture Plays a Critical Role in Net-Zero 
Systems

All carbon neutral and net negative scenarios require carbon capture, which can occur 
at three points in the fuel lifecycle: in making the fuel, in the exhaust stream from 
combusting the fuel, or from the air once it is released to the atmosphere (energy & 
infrastructure capture does not include photosynthetic capture in the land sink or 
biofuels). Once captured, the CO₂ can be geologically sequestered or used to make zero-
carbon fuels (Figure 2.15).  Even the 100 percent renewable primary energy case, which 
uses no fossil fuels, requires about 650 Mt/y of carbon capture in 2050 to capture industrial 
process emissions (e.g., from cement manufacturing) and to provide the carbon for 
renewable fuel production. All captured carbon in this case is utilized and none is stored. 
The central scenario captures 800 Mt/y from industrial processes, biofuel refining, and 
hydrogen production from natural gas. Of this, 40 percent is used to make liquid fuels, and 
60 percent is geologically sequestered.

Figure 2.15. Carbon capture, utilization, and sequestration across cases.

BECCS and DAC are used as negative emissions technologies (NETs) to offset uncaptured 
CO₂ emissions from small and distributed point sources for which CCS and low-carbon 
fuels are uneconomic. In contrast to some modeling studies, we find that the most 
economic form of BECCS is not in power plants but in biorefineries, as solar and wind 
are a lower-cost alternative in electric generation, but biofuels are competitive for fuel 
production. The delayed electrification case relies heavily on BECCS, utilizing the captured 
carbon to support synthetic fuel production to support high residual fuel demand. The net 
negative case has a comparable level of BECCS, but geologically sequesters a greater share 
of carbon. A low fuel price sensitivity on the central scenario captures almost 20 percent 
more carbon, as it becomes economic to offset more fuel use. In this sensitivity, nearly 
more than 80 percent of captured carbon is sequestered to support offsetting.
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Bioenergy and DAC are most economical when tightly coupled to the energy and industry 
(E&I) system, where they can be flexibly used for fuels and products (e.g., plastics) or 
sequestration as circumstances warrant. DAC costs are strongly dependent on energy 
costs, which can be minimized by flexible operation in locations with high capacity-factor 
renewable generation. BECCS is resource-limited both in sequestration potential and 
biomass feedstocks. DAC also faces sequestration injection limits as well as high costs in 
general, especially where its input energy has not been decarbonized. For these reasons, 
NETs remain complementary components of a low-cost decarbonization strategy, and it 
is highly uneconomic to achieve carbon neutrality through a strategy of continuing high 
levels of gross CO₂ emissions from burning fossil fuels that are offset by NETs.

2.3.6 Potential Tradeoffs
The scale and pace of infrastructure buildout and demands on the land potentially entail 
competition among social, environmental, and economic priorities. Our scenarios 
illustrate the effect of these tradeoffs, as limiting technology choices in one area requires 
compensating changes in other areas to reach the same carbon goal. If consumer adoption 
of electric end-use technologies is delayed, more decarbonized fuels are required, 
resulting in higher land requirements for biomass feedstocks and the siting of renewable 
generation to produce electric fuels. The 100 percent renewable primary energy case 
has the highest land requirements for these purposes, as well as the highest cost of any 
scenario.  The low demand case has the lowest land requirements and cost but requires 
a high level of societal commitment to conservation. When siting and biomass were 
constrained in the low land case, nuclear power, natural gas use, and carbon sequestration 
all grew substantially, raising different social acceptance issues. Given that such tradeoffs 
can be anticipated in a transition to carbon neutrality, it is important for the public and 
decision-makers to engage with the choices and understand their consequences.  High-
quality analysis is essential for informed decision-making, and supporting it while 
ensuring that it meets high standards for analytical rigor and clarity of communications 
needs to be a policy priority. 

2.4 From Pathways to Policies

2.4.1 Decarbonization Benchmarks by Decade
The modeling results described here provide a clear set of targets and timelines to guide 
policy making and implementation. These are summarized in Table 2.1, in which the key 
outcomes for each sector in each decade are highlighted. The list is not exhaustive, it does 
not describe the upstream manufacturing and construction changes required to enable 
these outcomes, and it does not prescribe the policy mechanisms by which the outcomes 
are to be achieved.  It does, however, describe the minimum physical results that must be 
reached by certain points in time for the U.S. to be on a carbon neutral trajectory.
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Table 2.1. Key benchmarks by decade and sector for achieving carbon neutrality in the 
United States by 2050, with quantitative indicators.

Sector Indicator 2030 2040 2050

Light duty 
vehicles

Electric vehicle 
share

>50% of sales 100% of sales 100% of fleet

 

Medium duty 
vehicles

Electric and fuel cell 
vehicle share

>40% of sales >80% of sales  

Heavy duty 
vehicles

Electric and fuel cell 
vehicle share

>30% of sales >60% of sales  

Residential 
buildings

Electric space/water 
heating share

>50% of sales 100% of sales  -

Commercial 
buildings

Electric space/water 
heating share

>50% of sales 100% of sales  -

Electricity 
generation

Generation to meet 
new electric loads

  >2x current level 
(~8000 TWh/y)

Electricity 
emissions

Carbon intensity 60% below 
current

80% below 
current

>95% below current

Coal power
 

Share of total 
generation

<1% of total 
generation

all coal retired all coal retired

Renewable 
power

Wind and solar 
capacity

3.5x current (~500 
GW)

10x current (~1500 
GW)

>2500 GW total 
capacity

Natural gas 
power

Capacity current capacity 
(~500 GW)

current capacity 
(~500 GW)

increased capacity 
(~600 GW)

Nuclear power
 

Generation current 
generation (~800 
TWh/y)

  

Electricity 
storage

Capacity (diurnal 
storage)

>20 GW >100 GW  

Transmission
 

Inter-regional 
capacity

  2-3x current  

(200-300 GW)

Electrolysis
 

Capacity  >20 GW >100 GW

Biofuels
 

Million bbls per day 
zero-carbon biofuel

  >2 MBD

Fossil fuels Infrastructure to 
transport fossil fuels

no new oil & gas 
pipelines

  

Carbon capture 
& storage

CCS capacity large 
industrial facilities

 >250 MMT/year 
CO₂ sequestered

>500 MMT/year CO₂ 
sequestered
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2.4.2 Key Actions in the Next Ten Years
The key actions over the next decade are robust across different technology pathways and 
cost assumptions. They form the basis of a common set of near to medium term policy 
priorities for all proponents of decarbonization, regardless of what long-term pathways 
are preferred.

Electricity. Electricity must be rapidly decarbonized while generation expands to 
accommodate new electric end uses. This requires parallel action on several different 
fronts in this decade. 

• Reduce the carbon intensity of electricity to 60 percent below its current level by 2030.
• Ramp up the construction of wind and solar generation to reach 3.5 times the current 

capacity by 2030, which means adding on average at least 20 GW of wind and 25 GW of 
solar (including rooftop) per year. 

• Reinforce the transmission system to accommodate delivery of renewable generation 
from areas with high resource quality to distant load centers.

• Increase storage capacity. Add at least 20 GW of diurnal storage to help accommodate 
renewable intermittency, especially solar.

• Switch from coal to gas in electricity system dispatch. Reduce coal generation to less 
than 1 percent of the generation mix.

• Allow new natural gas power plants to be built to replace retiring plants. The current 
capacity of natural gas generation needs to be maintained for reliability.

• Maintain the existing nuclear fleet to the extent circumstances allow, in order to limit 
the rate of new renewable and transmission construction required.

• Initiate electricity wholesale market reforms to prepare for a changing mix of electric 
loads and resources and address emerging issues in operations and cost allocation.

Fuels. Begin a concerted move away from fossil fuels, replacing these with electricity 
where possible and otherwise with biofuels and electric fuels. 

• Begin large-scale shift from fossil fuels to electricity. The key fuels policy is replacing 
fossil fuel end-use technologies in transportation and buildings (see below).

• Stop developing new infrastructure to transport fossil fuels, for example oil and gas 
pipelines, LNG terminals, and coal terminals, as these will rapidly become stranded 
assets.

• Pilot and further develop new fuel technologies that need to be deployed at large scale 
after 2030, including electrolysis, power to gas, power to liquids, and advanced biofuels.

Transportation. Begin large-scale electrification of transportation, replacing gasoline and 
diesel use in vehicles of all kinds (personal, commercial, and freight) with low-carbon 
electricity.

• Rapidly increase the electric vehicle share of new light duty vehicle sales (e.g., cars, 
SUVs, light trucks) to at least 50 percent by 2030.

• Rapidly increase the electric and fuel cell vehicle share of new medium duty vehicle 
sales (e.g., buses, delivery trucks) to at least 40 percent by 2030.

• Rapidly increase the electric and fuel cell vehicle share of new heavy duty vehicle sales 
(e.g., long-haul freight trucks) to at least 30 percent by 2030.
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Buildings. Begin large-scale electrification of fossil fuel end uses in buildings, replacing oil 
and natural gas with electricity.

• Increase the electric heat pump share of space and water heating equipment in 
residential buildings to at least 60 percent of sales.

• Increase the electric heat pump share of space and water heating equipment in 
commercial buildings to at least 60 percent of sales.

• Adopt best-available efficiency standards for lighting and appliances in all buildings.
• Improve residential building shell efficiency for new construction.

Industry. Electrify industrial end uses where possible, and develop decarbonization 
strategies for end uses that are difficult to electrify.

• Begin building carbon capture on a large pilot or limited commercial scale for large 
industrial facilities with concentrated CO₂ streams.

• Begin development of low-carbon feedstocks and processes for industrial products 
based on biomass, electric fuels, or carbon capture.
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