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EXECUTIVE SUMMARY

“Negative emissions,” or strategies for removing carbon dioxide from the atmosphere, will be indispensable for
meeting long-term global climate goals. Rocky Mountain Institute has elaborated in a recent report how a rapid
global energy transition, together with changes in agriculture and land use practices, could limit global average

temperature increase to 1.5-2.0 C°' above preindustrial levels.! This paper examines ways to sequester carbon

in landscapes and through emerging technologies, identifying key challenges, research needs, and policy
priorities in line with this vision.

Deploying land-based carbon sequestration and other “negative emissions” technologies at scale is critical for
addressing climate change. Approximately 10-20 Gt CO, of negative emissions, or atmospheric CO, removal,
will be required annually by 2100, equivalent to 25-50 percent of today’s global annual fossil fuel emissions. To
achieve this goal, aggressive research, development, and deployment incentives are needed.

There are many different negative emissions technologies at various stages of maturity. Although a large portion
of negative emissions are projected to come from such engineered solutions as bioenergy with carbon capture
and storage (BECCS) or direct air capture (DAC), increased carbon sequestration in forests and soils will also
contribute. Non-carbon capture and storage, carbon-beneficial bioenergy may also support mitigation targets.
Many of these options compete for land use, making it critical to balance land-based climate mitigation with
broader social needs for food production, housing and human settlement, and conservation. There are real
trade-offs between carbon mitigation and land-use, as demonstrated in Figure 1, which shows the global
mitigation potential for key negative emissions technologies and their corresponding land area required.

' While most people are familiar with the expression “degrees Celsius” (°C), that expression signifies an absolute temperature
that represents the coolness or warmth of something. The expression “Celsius degrees” (C°) refers to an interval between
two measured temperatures, which in this paper denotes temperature rise above preindustrial levels.
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FIGURE 1: GLOBAL POTENTIAL FOR KEY NEGATIVE EMISSIONS TECHNOLOGIES BY 2100. PRICES REPRESENT RANGES OF CARBON
2
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Note: Mitigation potential for forestry in Figure 1 only includes afforestation and reforestation, per Smith et al. 2015, and doesn’t include
avoided deforestation or management of existing forests. Global numbers for mitigation potential through enhanced forest management are
not available.

Critical research and policy needs for responsibly deploying negative emissions technologies include:

¢ Developing policy frameworks to guide land use and land management across mitigation options and
alternative land uses for food, feed, conservation, and other human and ecological needs

* Increasing productivity and efficiency of land use for human needs

* |nvesting in new agronomic technologies to increase agricultural and forestry climate resilience and
mitigation potential

e Putting in place land carbon monitoring and verification systems

e Creating revenue streams to finance negative emissions technologies, mirroring an economy-wide
carbon price—this will be a necessary condition for any meaningful negative emissions deployment

This paper focuses primarily on how natural climate solutions could be deployed and contribute to emissions
reduction goals in the United States, which has projected negative emissions technologies contributing 0.6-1.4
Gt CO, sequestration annually by 2050.% This would make up a substantial portion of the estimated annual 7-10
Gt CO, global sequestration that could be delivered through landscapes. Table 1 below summarizes US
sequestration potential from multiple land-based carbon sequestration technologies and other negative
emissions technologies at scale.
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TABLE 1: SUMMARY OF POTENTIAL OF LAND-BASED CARBON SEQUESTRATION AND OTHER “NEGATIVE EMISSIONS”
TECHNOLOGIES AT SCALE IN THE US.

Technolo US Potential
9y (Gt CO,/y, 2050)

Forest-based climate Forest expansion 0.96-1.29"
mitigation options Enhanced forest management 0.56-1.59"

Avoided conversion/ iv

Disturbance 0-09+

Wood products and bioenergy Uncertain (for bioenergy see BECCS

below)

Agricultural climate Agroforestry and silvopasture 0.24-1.98"
mitigation options Soils 01 7_0.27\,1

Bioenergy See BECCS estimate below
Engineered and BECCS 0.1-0.6""
technological climate Biomass gasification/biochar 01-0 1"l
mitigation options ) :

Deep-rooted crops 051 0%

Algae Uncertain

Dietary changes 0.26-0.48"

The US provides an important case study as the third-largest country in the world, covering 6 percent of the
world’s land mass, representing more than 250 of the world’s 867 ecoregions, and supporting a diverse range of
agricultural and forestry industries. This paper seeks to provide climate and energy policy experts with a useful
overview of how negative emissions can be incorporated into national climate policy.

"Low is $50/ton CO, estimate based on linear extrapolation of literature estimates (see Figure 2), high is maximum literature
estimate (Van Winkle et al., 2017).
" Low is $50/ton CO, estimate based on linear extrapolation of literature estimates (see Figure 2), high is maximum literature
estimate (Van Winkle et al., 2017).

v Assuming US EPA 2017 estimate of LULUCF emissions can be avoided completely, assumed to be a lower bound on
avoided disturbance emissions mitigation.

¥ Low based on riparian buffer and alley crop (10 percent of cropland) estimates, high represents low plus 10 percent of all
pasture land managed under silvopasture, all based on Udawatta and Jose 2011.

VI Low represents Murray et al., $15/ton CO, (2005), high based on maximum estimate in Chambers et al., 2016.

vi Range based on Limited Sink (low) and Benchmark (high) scenarios in US Mid-Century Strategy for Deep Decarbonization
(White House, 2016).

Vi Range based on Fargione et al. (in prep), with low based on $50/ton carbon price and high based on $100/ton carbon
price. Assumes only crop residues are used for biochar production.

x Range based on US Mid-Century Strategy for Deep Decarbonization (White House, 2016), p. 78.

X Range based on Stehfest et al., 2009, assuming US can account for 6 percent (202 million hectares of 3.3 billion hectares
global grazing lands, FAO, 2017) of global mitigation from phasing out global red meat consumption (low) to all meat
consumption (high).
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1. SETTING THE STAGE: NEED AND POTENTIAL FOR NEGATIVE
EMISSIONS

To avoid the most dangerous impacts of climate change, the global community agreed to hold “the increase in
the global average temperature to well below 2°C above pre-industrial levels and [pursue] efforts to limit the
temperature increase to 1.5°C.”* To achieve this, the world will need to not only rapidly decarbonize the power,
industrial, buildings, and transportation sectors, but also deploy negative emissions or carbon dioxide removal
strategies, to actively remove CO, from the atmosphere.” Rocky Mountain Institute’s (RMI’s) Positive Disruption
report describes in detail how rapid decarbonization can occur across industrial sectors, driven by existing
market forces and increasing rates of innovation, including through negative emissions.® Negative emissions will
be needed, hand in hand with rapid energy sector decarbonization, for three reasons:

* To offset hard-to-eliminate emissions from sectors such as agriculture, aviation, and heavy-duty
transportation

* To counteract the “overshoot” of dangerous CO, levels that is likely to occur even with best efforts

* To keep overall costs of climate mitigation low

The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report estimates that staying well
below 2 C° will require 10-20 Gt CO, removal globally per year by 2100, cumulatively reaching 400-800 Gt CO,.®
This would be equivalent to removing 25-50 percent of today’s global fossil fuel emissions every year. It will be a
monumental task, and requires getting to work immediately.

The IPCC indicates that globally land use, land use change, and forestry (LULUCF) could support between 15
and 40 percent of cumulative mitigation by 2100, or approximately 7-10 Gt CO,e sequestered annually by 2030.7
At the same time, IPCC scenarios have engineered solutions such as BECCS contributing upward of 12 Gt CO,
removal globally per year.? Similarly, the United States Mid-Century Strategy for Deep Decarbonization indicates
US landscapes could sequester up to half of economy-wide emissions by 2050.° More recent updates indicate
responsible land use and management strategies globally could contribute 23.8 Gt CO, of sequestration and
avoided emissions annually, accounting for 37 percent of global mitigation required through 2030." These
estimates reflect a range of assumptions about the technical and economic potential of proposed solutions,
which remain highly uncertain and should be interpreted carefully. They are described here to provide an overall
sense of scale and scope.

Natural climate solutions include forest expansion, enhanced forest management, agroforestry, agricultural soil
improvement, biomass for carbon-beneficial bioenergy, and opportunities for offsetting fossil fuel emissions
such as long-lived wood products. Estimates of the scale of potential for each opportunity vary widely.

Today global land use and land management are the source of one-quarter of total anthropogenic CO,
emissions."" Shifting global landscapes from a net emissions source to a (massive) net sink will require a suite of
investments in new technologies and ambitious policy. Key strategies for increasing natural carbon
sequestration will also be needed. All of these issues will be discussed further below.

Perhaps most importantly, governments need to create large-scale revenue streams for financing natural climate
solution activities such as forest expansion, enhanced forest management, and soil carbon storage in cropland,
grazing land, and forests, as well as biomass for carbon-negative bioenergy. Whereas CO,-emitting facilities
such as coal plants will be incentivized to avoid a carbon price, many carbon-sequestering activities will require
a carbon payment to incentivize action.

X' Out of the 116 IPCC model scenarios consistent with keeping warming below 2 C°, 87 percent utilize negative emissions
technologies (Smith et al., 2015).
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A 2005 study indicated that at a $40/ton CO. carbon price, US landscapes have the potential to deliver 1.2
billion tons of CO.e reductions annually (annualized over 2010-2110), if fully funded across forestry and
agriculture.’> Compare this with the estimated 1.2 billion-1.8 billion tons of CO.e mitigated annually in the energy
sector with a $40 to $47 carbon price in 2025.13

Consider that under a carbon pricing approach, the energy sector could be given an allowance of achieving 8
percent of its carbon pricing obligation through land-based offsets. This could fund nearly 150 million tons of
carbon sequestration in soils and forests annually by 2025, financed by approximately $2.2 billion from the
private sector each year (assuming an average $15/ton COze in the land sector). Compare this with the $6.3
billion-plus the energy sector would have had to pay for the most expensive mitigation options, without the
ability to use offsets, at $47/ton CO,e. Here we see the efficiency gains in mobilizing land-based carbon
sequestration, as well as the potential for generating multibillion-dollar revenue streams for rural communities.
Local, state, or federal governments will need to develop programs to fund carbon sequestration, whether out of
carbon tax, carbon credit auction revenues, or carbon offsetting schemes. Each of these incentive frameworks is
discussed in more detail below.

Xii

The US provides an important case study for assessing carbon sequestration opportunities and policies. Since
1990, US lands have consistently offset 10-13 percent of annual economy-wide emissions; the majority has
been sequestered by tree growth in existing forests.* Many analyses indicate great potential for expanding US
natural climate mitigation, with some estimates surpassing 1.5 Gt CO. of annual sequestration, equivalent to
more than 20 percent of current US annual emissions.*® Achieving this potential, however, would require putting
in place carbon sequestration incentives.

Note that in discussing annual mitigation opportunities, we refer to the ability to sequester additional carbon
every year and store that carbon on a virtually permanent basis.*!' Annual mitigation occurs only if more and
more carbon is being added to forests, soils, or geologic storage each year. As a result, it is possible for natural
carbon sinks to “saturate,” or reach a maximum carbon storage such that additional sequestration (or mitigation)
is not possible. However, these “saturation points” are highly dependent on assumptions of how much land use
and land management change is possible, and should be carefully interpreted. Saturation is discussed in more
detail for specific strategies below.

The remainder of this paper will (1) provide an overview of key US negative emissions solutions, highlighting
critical considerations for implementation and research needs for each, and (2) discuss considerations for
incorporating land use and land management into US climate and energy policy. Ways to address uncertainty
and manage controversial topics such as competing land use needs and bioenergy are highlighted.

2. REVIEW OF US NATURAL CLIMATE SOLUTIONS OPTIONS

This section breaks down the climate mitigation potential across forestry, agricultural, and technological
solutions supported by US lands, reflecting the scale of potential, mitigation costs, and implementation
considerations.

X Assumptions for mitigation scale and costs based on Climate Leadership Council 2017, Hafstead & Kopp scenario.
" Note that different carbon accounting programs (American Carbon Registry, Voluntary Carbon Standard, California Low
Carbon Fuel Standard, EPA Draft Biogenic Accounting Framework, and others) use a range of 30-100 years to account for
land management and land use changes. There is literature and policy debate about how “permanent” carbon sequestration
must be to qualify for incentives. For purposes of mitigation effectiveness, any lost carbon, whether due to human activities
or natural causes, will need to be compensated with additional sequestration. Carbon-trading mechanisms tend to address
this challenge through “buffer” or “insurance” pools that carbon market participants must pay into through generated carbon

credits. However, the longest these programs account for any lost carbon is 100 years.
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Forests

US forests are efficient carbon sequestering landscapes and the largest contributor to the national carbon sink,
covering over 750 million acres.'® Each year as forests grow and trees age, they fix atmospheric CO. into long
hydrocarbon chains. Once fixed, undisturbed trees can store a substantial amount of this carbon for 800 years
or more, both above and below ground.”" Some of the carbon will cycle more quickly in and out of the
atmosphere through (1) respiration of CO, as part of the living processes of the trees themselves (a “fast”
process, similar to how humans breathe in oxygen and breathe out CO,) and (2) decay of leaves and small
woody debris (a “slow” process). Some of the decayed material gets incorporated into the forest soil and can be
sequestered nearly permanently. As stands of trees age, the CO, emissions from respiration and decay can
catch up to the amount of carbon sequestered each year. At this point, a forest is considered to have reached
carbon saturation. Researchers debate how long it takes forests to reach saturation, particularly as increasing
atmospheric CO. concentrations create a “fertilization effect” by spurring plant growth and potentially deferring
saturation points.?” It can take from decades to centuries for a new forest to reach saturation.

Forests can be managed so they sequester greater amounts of carbon in a number of ways; these include forest
expansion, EFM, avoided forest disturbance, and the offsetting of fossil fuels through the use of wood products
and bioenergy.

Forest Expansion

Following extensive deforestation in the 18th and 19th centuries coinciding with European settlement, US forests
have made a comeback, regrowing at a rate of approximately 1 million acres per year over the past 30 years.*®
These relatively new forests, both naturally regrowing and replanted, can sequester large amounts of carbon. Yet
they have contributed only 10 percent of the US land carbon sink since 1990. Discussed further below, the much
larger carbon sink is from growth in existing forests.

Potential for future US forest expansion (afforestation or reforestation) has been discussed largely in the context
of how much mitigation can be delivered at various levels of carbon pricing (see Figure 2). Van Winkle et al.
indicate across a dozen studies that 1 Gt CO, of annual forest carbon sequestration could be achieved at
$50/ton CO,. The US Mid-Century Strategy for Deep Decarbonization (MCS) indicates that 40-50 million acres of
forest expansion might be required to maintain the current annual forest sink until 2050.

Although these modeled results are useful, there has been much less assessment of where and how forest
expansion might take place, and whether or not these projections are socially and economically realistic. More
research is needed to tailor these estimates using geospatial analysis. To date, this type of work has been
limited owing to political and budget constraints, and going forward, there are likely to be strong concerns about
how to identify “appropriate” areas for converting private land to forest. Thus the most feasible strategy for
garnering more accurate estimates is to put in place forest expansion carbon incentives and undertake
econometric analysis.

The two active US carbon incentive programs, the California cap and trade system and the Regional
Greenhouse Gas Initiative (RGGI), have incentives in place for afforestation. However, because of legal
uncertainty and low carbon credit prices, they have produced negligible forest expansion activity—an indication
that forest expansion will be a more expensive mitigation option than other forest management tools.

This is partially due to the fact that forest expansion, unlike enhanced forest management, has the potential to
compete with other land uses, particularly agriculture. Identifying strategies for multiple land uses, such as
agroforestry and silvopasture (wherein trees are integrated with crop and pasture systems), can reduce
competitive effects on land use and head off potential food cost increases. The US MCS indicates there is

X Nearly 75 percent of US forest carbon is stored in soils, but the largest annual sink is attributed to growth in live trees (“US

Forest Carbon Accounting Framework,” Domke et al., 2015).
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potential for 50 million acres of agroforestry in the United States, which could go a long way in supporting
mitigation goals and reducing competitive impacts.

Growth in Existing Forests

In the US, existing forests account for more than 85 percent of carbon sequestration, making them by far the
largest contributor to the US carbon sink. Enhancing carbon sequestration in existing forests usually takes the
form of enhanced forest management (EFM) (often described as improved forest management [IFM]) in carbon
accounting programs), such as lengthening the rotation periods, or amount of time between timber harvests. To
understand this mitigation strategy, note that 58 percent of US forests are privately owned and that private
forests provide 90 percent of the nation’s wood products. The timeline for harvesting and regrowing trees
depends on the target wood product market, and often the owner of a private forest is growing for multiple wood
products at once, with small-diameter thinnings supporting low-value markets such as bioenergy, larger-
diameter trees supporting mid-value pulp and paper products, and, later in the growth cycle, the largest-
diameter trees supporting high-value products such as timber and telephone poles.

Van Winkle et al. have synthesized literature estimates that indicate enhanced forest management could
contribute upward of 1.5 Gt CO, sequestration annually, but most scenarios indicate potential for 500 million
tons of CO, at carbon prices of less than $60/ton. Note that many of these studies assume national
implementation of a carbon price, minimizing risk of leakage within the US.

Leakage refers to the risk that reducing harvests in one area can increase harvests somewhere else owing to
market drivers. That is, although increasing rotation lengths can increase standing carbon in one area, it also
results in lowered wood product supply and thus can increase wood prices and drive increased harvesting
elsewhere. Studies indicate harvest leakage can range from less than 10 percent to more than 90 percent of total
carbon mitigation.?® This means that although enhanced forest management can be an effective sequestration
tool, it needs to be implemented on a broad geographic basis to ensure effectiveness.

There is disagreement about the ability of US forests to continue sequestering carbon in the coming decades.
Some models indicate forest aging will result in slower growth, compounded by changes in land use, to result in
a weakened sink.?! Others project forests have the potential to be managed more intensively to serve both the
wood products markets and carbon demand, keeping the forest sink strong.?* Natural disturbances such as
forest fire, drought, insect infestation, and hurricanes will also determine the future carbon sink. Thus, even
though existing forests have carried the US carbon sink to date, the future is highly uncertain.

Avoided Forest Carbon Loss From Conversion and Natural Disturbance

Once carbon is stored in forests, soils, or geologic formations, it is important that it stay there virtually
permanently, otherwise it cannot be considered a lasting climate mitigation solution. If it cannot be guaranteed
to be permanent, there must be some understanding of how its eventual emission would be offset by some
additional sequestration in the future (for example, in a natural forest system, predictable harvest and regrowth
may be consistent with net carbon sequestration over time). As we discuss further below, “permanence” may be
less critical if humans don’t seek to represent land carbon sequestration as a permanent offset to fossil fuel
emissions. Regardless, avoiding emissions from natural and human-made impacts to forests both reduces future
climate impacts and ensures mitigation to date remains effective.

Unfortunately, a changing climate is likely to result in greater natural disturbances such as wildfires, droughts,
and insect infestations. Wildfires have gone from affecting 3 million acres nationwide in 1985 to affecting more
than 10 million acres in 2015.2* Rocky Mountain-region tree mortality due to mountain pine beetle infestation has
increased by 92 percent since the 1990s.% It is difficult to predict the future extent of these impacts, but decision
makers must plan for this uncertainty in projections of the future land carbon sink, and assess the ability of these
disturbances to undo best efforts in managing forest resources.
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Conversion of forests to agriculture and settlement is another major contributor to loss of land carbon. Although
the US has seen a net annual gain of forest area for several decades, conversion of forests to cropland and
settlements emits some 90 million tons of CO, annually, reducing the net land carbon sink by 10 percent.”

Reducing forest conversion to settlement can be supported by stricter zoning, smart urban design, and dense,
integrated communities. However, since these efforts require long-term policy planning and urban investment,
the costs of avoiding forest conversion are likely to be higher than those of other forest carbon opportunities.
Carbon-based incentives alone will be insufficient, needing to be paired with regulatory guidance and easements
that create value for standing forest.

Addressing natural disturbances will be more challenging. Forest management stakeholders have proposed
thinning forests that are “overstocked,” or that have more trees than a historical baseline, to reduce the impacts
of forest fires, insects, and the compounding effects that drought can have on these disturbances. However,
knowing where, when, and how much to thin is challenging, particularly when one of the objectives is reduced
carbon loss. Natural disturbances occur unpredictably across landscapes. Depending on what happens to the
thinned wood (whether it is used in long-lived products, used for bioenergy, or simply burned on site), the net
effect of thinning trees compared with disturbance-related emissions can be a wash or even potentially negative
for the climate.?® Further research and fieldwork is needed to better calibrate thinning toward carbon outcomes
while supporting ecological, hydrological, and other objectives.

The Offsetting of Fossil Fuels Through the Use of Wood Products and Bioenergy

Rather than storing carbon, forest products can offset fossil fuels. Although this can result in short-term forest
carbon emissions into the atmosphere, if forests are appropriately managed for carbon outcomes, these
emissions can be re-sequestered much more quickly than fossil carbon. Science-based carbon accounting
protocols are needed to estimate net carbon outcomes from wood product and bioenergy use, including the
likelihood and scale of fossil fuels offset and timing for re-sequestration.

Long-lived wood products, generally used in construction, are likely to represent a strong mitigation opportunity,
if sourced from responsibly managed forests and if offsetting fossil fuel-intensive products like steel and
concrete. Given that the life of a building is 80 years or more, long-lived wood products can store carbon much
longer than short-lived wood products such as paper or bioenergy, and can create robust market incentives for
expanding forests. Wood products as a carbon solution may be attractive because these markets already exist
at scale and drive a substantial number of US forest management decisions. Long-lived wood product use could
be expanded through greater deployment of multifamily, multistory, and large-scale commercial wood buildings.
Wood is already commonly used in residential homes, but it is much less common in apartment buildings,
skyscrapers, malls, and department stores. Several 10-plus-story wood buildings are under development in the
US today, but new building codes and community ordinances will be needed to deploy tall commercial wood
buildings at a larger scale.

However, this opportunity needs to be managed carefully. Whether or not wood products and bioenergy can
truly be considered a mitigation option depends on both the context in which the product is made and the forest
management regime. Studies have shown that increasing demand for wood products is correlated with forest
area growth or stability, counteracting market forces that might otherwise convert forests for development or
agricultural uses.”” This dynamic is particularly relevant for forests on the margin of agricultural and urban areas.
Transitioning from harvest regimes focused on lower-value, short-lived wood products, which are likely to be
supported by short rotation cycles, to long-lived and higher-value wood products is also likely to have a positive
carbon effect, in that harvest rotations would be lengthened. Forest owners are also likely to benefit from greater
revenue, supporting rural economies. If long-lived wood products offset carbon-intensive alternatives such as
steel or concrete, the net carbon benefits are sizable.?

For instances that do not meet the above criteria, and for forests that would otherwise stay undisturbed,
increasing harvesting could result in greater carbon emissions to the atmosphere than would otherwise occur.
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Harvesting of old-growth trees and previously undisturbed forests is likely to result in negative carbon impacts,
potentially for centuries, regardless of wood product end markets.?

For these reasons, bioenergy demand might have a perverse effect on carbon outcomes, by reducing harvest
rotations in order to serve a lower-value market. Given the immediate combustion of carbon and release into the
atmosphere, the time line for re-sequestering forest carbon and thus reaching “carbon neutrality” could be
decades (note that although this is still an improvement from fossil carbon emissions, it is considered by many to
be suboptimal compared with other renewable energy options). Yet there are sources of woody biomass that
can be considered “carbon beneficial,” such as those that meet the various criteria described above, as well as
harvest residues and short rotation woody crops. Furthermore, a number of studies have pointed to the potential
for bioenergy to, like other wood products markets, drive forest expansion and enhanced forest management.*°
If this is the case, forest bioenergy could represent a sizable and cost-effective mitigation opportunity —
additional empirical evidence to verify this market dynamic would be instructive.

Thus, the calculation of net carbon effects from wood products and bioenergy is complex, and should be
carefully considered. If carbon incentives are used to drive these markets, additional empirical research and
carbon accounting protocols need to be put in place to account for the above dynamics.

Summary
Table 2 summarizes the forest mitigation opportunities described above along with supportive research and
policies needed to deploy each.

TABLE 2: SUMMARY OF US FOREST-BASED CLIMATE MITIGATION OPTIONS.

US potential Research needs Policy needs
(Gt CO»/y, 2050) (+ carbon payments)
Forest W “Hot spot” geospatial Based on research and
: 0.96-1.29 ; . .
expansion analysis of potential accounting protocols,
Enhanced Assessment of potential to | incentivize forest products
forest combine EFM with markets that drive forest
management i bioenergy, wood products | expansion, enhanced
0.56-1.59 .
Intermodel comparison to management
reduce projection
uncertainty
Avoided Improved thinning Conservation easements
conversion/ ) practices, monitoring Urban planning
disturbance 0.09+V" Climate-resilient Funding for responsible
breeding/planting thinning/disaster
management
Wood Uncertain (for Carbon accounting Updated building, zoning
products and bioenergy, see methods codes to allow
bioenergy BECCS in Table 3) RD&Q for wood building talller./commermal wood
materials buildings

* Low is $50/ton CO, estimate based on linear extrapolation of literature estimates (see Figure 2), high is maximum literature
estimate (Van Winkle et al., 2017).

) ow is $50/ton CO; estimate based on linear extrapolation of literature estimates (see Figure 2), high is maximum literature
estimate (Van Winkle et al., 2017).
i Assuming US EPA 2017 estimate of LULUCF emissions can be avoided completely, assumed to be a lower bound on

avoided disturbance emissions mitigation.
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Agriculture

US agriculture supports two-thirds of the world’s commodity crop calories, spanning a diverse range of activities
with varying carbon intensities, across row cropland for corn, soy, wheat, and rice; orchards and specialty crops;
and pasture and rangeland for grazing livestock. Cropland covers 400 million acres, and pasture and rangeland
over 500 million acres, together covering 41 percent of the United States. Currently these landscapes contribute
less than 5 percent of the US land carbon sink, with croplands sequestering 18 million tons of CO, annually (this
is generated almost entirely by cropland retired through the Conservation Reserve Program) and grasslands
sequestering another 20 million tons.?' The question is whether agricultural lands can be reliably managed to
sequester more carbon while preserving and increasing their ability to support global fuel, feed, and fiber.

Strategies for increasing carbon storage on agricultural land include agroforestry and silvopasture (integrating
trees into agriculture), enhanced soil carbon management, and supplying biomass for bioenergy.

Agroforestry and Silvopasture

Agroforestry and silvopasture are methods for integrating trees into agricultural systems. These include planting
trees along field borders and stream banks, in the “alleys” between rows of crops, and in low-producing areas of
fields and pasture, as well as more regularly distributing them throughout pasture to support shade for livestock.
Udawatta and Jose estimate that riparian buffers, alley cropping, and silvopasture can sequester nearly 2 Gt CO,
annually (with the majority coming from silvopasture), but this would require alley cropping on 10 percent of all
cropland and integrating grazing with forestry across 133 million acres.?? Furthermore, much of this estimate
likely overlaps with forest expansion mitigation estimates.

Farmers and ranchers to date have been reluctant to integrate more trees into their operations due to cost and
not wanting the trees to compete with their primary agricultural outputs. Further research is needed to
understand the economic incentives required to scale up agroforestry practices and to understand logistical and
ecological constraints to these initial estimates. If truly feasible, this will be an especially attractive mitigation
option owing to the reduced competition with food production.

Enhanced Soil Management

Since European settlement, US agricultural soils have lost more than one-third of the original carbon they
contained.* Recovering lost soil carbon could represent a substantial mitigation opportunity. The key is to
understand more confidently how much carbon sequestration is possible through changes in management
practices and whether the carbon storage is relatively permanent. Although research on these topics has been
ongoing for decades, there is still much uncertainty regarding the net carbon benefits of soil management
practices across regions, soil types, and climates.

Enhancing soil carbon requires increasing inputs of below-ground (through roots) and above-ground (through
residues or cover crops) plant matter into the soil, and then minimizing soil disturbance to encourage
“aggregates” (clumps of soil) that can protect soil from erosion and also reduce carbon emissions from the soil.
Practices such as leaving crop residues on the field, growing cover crops, and growing more deeply rooting
plants such as perennial grasses can all support increased plant matter inputs. Less common but especially
effective practices include manure or biochar application, which can substantially increase carbon inputs to the
soil (though life-cycle carbon analysis is required to understand where the manure or biochar comes from and
whether carbon storage is truly new and additional). Reducing or eliminating tillage, referred to as following “no-
till” practices, helps ensure that carbon remains stored.

That said, there are substantial uncertainties with respect to the level and permanence of these practices as

carbon mitigation tools. Issues such as soil carbon baseline, appropriate depth of measurement, potential for
saturation, and other issues create large uncertainties in soil carbon models.
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Some studies have indicated that no-till practices may increase carbon storage near the soil surface, but reduce
deep carbon, having a net zero effect on total carbon storage, and that they can also result in increased N.O
emissions.3* Uncertainties with respect to the sequestration potential of no-till practices must be resolved in
order to better understand the scale of potential for soil carbon storage from improved soil management.

In sum, if future research can reduce uncertainty and increase confidence in soil carbon dynamics, it could add
significantly to negative emissions mitigation potential. Chambers et al. suggest US agricultural soils could
sequester 270 million tons CO, annually by 2050, and Murray et al. suggest 168 million tons of potential at a $15
carbon price.®

Investing in field research, improved models, and enhanced field operations will help improve decision makers’
ability to plan for the future and understand how much soil carbon storage can contribute to climate mitigation.

Agriculture and Bioenergy

Similar to the case with forests, there is potential for trade-offs but also synergies between carbon sequestration
on agricultural landscapes and bioenergy. The main agricultural biomass sources are crop residues and energy
grasses.

Removing large amounts of crop residues for bioenergy has potential to degrade soil carbon.?® The literature
shows wide-ranging effects of residue removal on soil carbon, and generally indicates highly productive soils
can support greater residue removal than low-quality soils. Additional research and analysis can help guide
residue removal to minimize soil carbon loss, but in any case residue removal will need to be managed carefully
according to soil type, climate, management regime, and other factors.

Conversely, growing high-yield perennial grasses for bioenergy could substantially increase soil carbon by
increasing root mass and reducing tillage.?” Energy grasses are predicted to be the largest contributor to future
bioenergy supply, making up more than 50 percent of biomass supply in the US Mid-Century Strategy.3®
Although energy grasses can increase soil carbon, increased nitrogen application and resulting N.O emissions
could offset any soil carbon improvements.*

The larger challenge of managing impacts of energy grasses is direct and indirect land use change. To supply
bioenergy and BECCS demand, energy grasses could cover upward of 40 million acres by 2050, similar in scale
to projected forest area expansion.*® Shifting nearly 100 million acres, an area the size of Montana, into energy
crops and forestry could have substantial environmental and economic impacts, increasing competition for land
use and driving up land, water, nutrient, and other input costs. Key strategies for minimizing these economic
impacts include:

o Developing rotational strategies for grazing, energy grass production, and forestry. Using land
more efficiently will be critical—for example, regions with long growing seasons can rotate summer
grazing land with winter energy grass production. Energy grasses could be grown in the first 10 years of
planted forest rotation. They could also be integrated into field edges and low-producing cropland areas.
However, these approaches are at very early conceptual and demonstration stages at best. Much more
research and demonstration support will be needed to verify whether they are economically and
agronomically feasible at commercial scale.

e Focusing on non-irrigated landscapes to minimize water impacts. Biomass is not currently a
valuable enough crop to make irrigation economical, but as carbon prices increase, this could change.
Non-irrigated agriculture accounts for more than 60 percent of US farm sales, concentrated heavily in
the East and South. This would likely limit biomass deployment in drier Western states.

o Utilizing precision agriculture techniques to rightsize nutrient application and timing. Farmers are
increasingly using geospatial tracking technology to track agricultural inputs and yields within and
across fields to optimize profits. These approaches reduce excess fertilizer application and also help

farmers adjust the timing of nutrient application and harvests to minimize nitrogen loss.*! Keeping fields
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covered for as much of the year as possible, through cover crops and rotational planting, can also help
reduce N,O emissions.

None of these strategies can completely mitigate the potential impacts of energy crop production. Much further
work remains if researchers are to better understand the effectiveness and scalability of each. Thus, although
energy crops could contribute significantly to future biomass supply, significant challenges will need to be
overcome, and investments in addressing those challenges need to be made as soon as possible if biomass
production is needed at a multi-gigaton scale within the next several decades. Recall that IPCC scenarios point
to the need for up to 2,000 Gt CO, of cumulative sequestration to 2100. Even if only half of this need were
supported by BECCS, it would require the mobilization of hundreds of millions of acres around the world to grow
biomass.

TABLE 3: SUMMARY OF US AGRICULTURAL CLIMATE MITIGATION OPTIONS
US potential Research needs Policy needs
(Gt CO»/y, 2050) (+ carbon payments)
Agroforestry Economic incentives and barriers
and 0.24-1.98 i to deployment
silvopasture Carbon accounting protocols
Soils Research to reduce uncertainty
i regarding permanence, scale,
0.17-0.27 trade-offs with bioenergy
Carbon accounting protocols
Bioenergy RD&D for rotational strategies
with grazing and forestry and
See BECCS low-productivity farmland
estimate in Table 4 | Assess potential to minimize
nitrogen and water impacts of
energy crops

Increased funding for large-
scale demonstration
Precision agriculture
technology deployment

Technological and Engineered Options

In addition to ecosystem-based carbon storage, landscapes can contribute to engineered and technology-based
opportunities. These include BECCS, deep-rooted commaodity crops, algae farming, global shifts in dietary
preferences, and biomass gasification paired with biochar.

Bioenergy Plus Carbon Capture and Storage (BECCS)

Converting carbon-beneficial sources of biomass to energy and then sequestering the net CO, emissions in
geologic storage creates a negative emission source of renewable energy. However, as discussed above, it is
critical to limit biomass to “carbon-beneficial forms,” that is, forms that meet emissions-reduction standards as
measured and verified under rigorous emissions accounting frameworks. The elements required in these
accounting frameworks, discussed already in using wood products to offset fossil fuels, include carbon fluxes
from land management and land use changes, indirect land use changes and other market effects, wood
product decay rates, and transparent assumptions on time and spatial scales over which carbon fluxes are
assessed. Bioenergy policy will also need to protect high-carbon landscapes (such as forests or natural
grasslands) from conversion to bioenergy crops, protect natural and high-value conservation lands, and
minimize consequences for nutrient runoff and water use. The US Mid-Century Strategy estimates up to 1 billion
dry tons of carbon-beneficial biomass can be produced while also deploying substantial forest expansion. This

xviii

Low based on riparian buffer and alley crop (10 percent of cropland) estimates, high represents low plus 10 percent of all

pasture land managed under silvopasture, all based on Udawatta and Jose, 2011.
Xix

Low represents Murray et al., $15/ton CO, (2005), high based on maximum estimate in Chambers et al., 2016.

CREATING A CLEAN, PROSPEROUS, AND SECURE LOW-CARBON FUTURE




NEGATIVE EMISSIONS AND LAND-BASED CARBON SEQUESTRATION | 16

would support 600 million tons of CO, sequestration via BECCS by 2050, contributing more than 10 percent of
total projected US primary energy use. Note that BECCS is not limited to the electricity sector—it can be utilized
across the power, industry, building, and transportation sectors. Carbon capture and storage can be paired with
any facilities that convert biomass into gas, liquid, or electricity.

The cost of BECCS, depending on the sector and conversion technology, can range from $50 to $150 per ton of
CO;reduced, and potentially go even higher, considering the ongoing uncertainty over the costs of carbon
capture and storage.*? BECCS will be more expensive than fossil fuels with carbon capture and storage (CCS),
so models predict BECCS will not be deployed until virtually all fossil fuels emissions are paired with CCS. The
total capital costs of BECCS deployment would be sizable—reaching multiple Gt of global BECCS could require
nearly $2 trillion by 2050.%

The above biomass supply estimates assume food crop yield will increase robustly such that humans will not
need additional land for food production from today’s row crop acreage. This also assumes it is possible to
integrate biomass into rotational strategies for more efficiently utilizing agriculture land, especially managed
pasture. None of these assumptions are guaranteed —they require smart policy, research investment, and
incentives for farmers and ranchers to launch innovative strategies for integrating biomass into food-producing
operations. As discussed in the context of forest management and agriculture, research and development
support is critical for verifying these assumptions.

Biomass Gasification and Biochar

One bioenergy technology that is especially well suited to CCS, but can also be deployed without CCS, is
gasification. Gasification is a thermochemical conversion process that heats biomass (or any solid fuel) to very
high temperatures and creates clean gas streams of carbon monoxide, hydrogen, and carbon dioxide. The
carbon monoxide and hydrogen (or syngas) can be combusted for energy use while the pure CO. stream can be
captured and geologically stored through the conventional CCS process. Yet there is even more opportunity for
carbon storage through another gasification byproduct, biochar. This is the blackened charcoal that remains
after the biomass is processed, which makes the remaining carbon inert. When applied to soils as an
amendment, it is capable of storing carbon for hundreds of years.

Fargione et al. indicate that by 2025, biochar has the potential to sequester 95 million tons of CO, annually in the
United States at costs of up to $100 per ton of CO..** However, this estimate overlaps with the top-line
mitigation estimates for BECCS, given that all biomass use depends on sustainable, carbon-beneficial biomass
supply. As a biomass utilization option, biochar should be assessed using the same carbon accounting
frameworks applied to bioenergy, BECCS, wood products, and other strategies.

There are even further agronomic and economic benefits to biochar soil application, including restoration of
degraded soils. A number of studies have shown potential for biochar application to increase crop yields, while
other studies have shown no or negative effects.* Further research into the co-benefits of biochar and
demonstrations of integrated biomass gasification and biochar projects will be needed. Such co-benefits may be
able to offset costs of carbon storage.

Deep-rooted Commodity Crops

The US Department of Energy (DOE) has initiated research on the potential to increase the root mass and depth
of major commodity crops, thereby increasing carbon inputs to the soil. Deeper roots can also ensure that more
carbon is stored permanently. Although this research is in its early stages, if successful it could represent a
scalable opportunity for carbon sequestration and increasing resilience for 400 million acres of corn, wheat, and
soy produced in the United States. DOE estimates such an approach could sequester up to 8 Gt CO;
cumulatively by 2050 if implemented across all US cropland.*®

Micro- and Macroalgae

Algae resources have a particularly high biomass yield per unit of area per unit of time, and algae can be grown
in non-arable landscapes with non-potable water, making it a highly attractive and flexible resource. Current
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constraints are very high technology costs and limited scale of demonstration. The US DOE’s “Billion-Ton
Report” on US biomass supply dynamics posits that in the near term, algae facilities will need to be co-located
with concentrated CO, sources such as coal, natural gas, and ethanol facilities. This creates a significant
economic and logistical constraint in the deployment of algae. DOE projects 46 million tons of algae could be
made available by 2040, although at costs significantly higher ($719 to $2,030/dry ton) than other biomass types
(which are in the range of $100/dry ton or less). Additional research is ongoing to unlock algae supply.

Macroalgae, or seaweed, shows particular promise as a major source of biomass on a longer time horizon.
Macroalgae has a high growth rate relative to other sources of biomass, does not face the same spatial
competition and constraints as land-based biomass, has higher photosynthetic activity (6-8 percent) than
terrestrial biomass (1.8-2.2 percent), is distributed around the world, and is a versatile product that can be used
for food, food additives, animal feed, fertilizer, medicine, fiber, biofuels, and cosmetics. Key challenges to
commercial scalability must be addressed: the biggest cost drivers include capital costs, labor, and energy
consumption (harvesting, processing, and transportation), soft costs (regulations and permitting), and
sustainable nutrient supply (whether through applying fertilizer, using nitrogen runoff from terrestrial farms, using
fish effluent from aquaculture, or drawing nutrients from deep water). Additional tasks include breeding for
improved yield, developing systems to manage macroalgae “fields” in the open ocean, and managing currents,
temperatures, nutrient flows, and losses to deeper depths, and interactions with the broader marine ecosystem.

There are many opportunities to bring down the costs of macroalgae production and promote this growing
industry, which has the potential to reach $23 billion by 2024. Ecosystem improvement co-benefits such as
shoreline protection, denitrification, and water conservation could help finance these systems, especially if
located in strategic sites such as the Gulf of Mexico’s dead zone. Macroalgae has potential to support
bioremediation of industrial, agricultural, and septage waste streams, as well as the cleaning of polluted natural
waterways, through the removal of CO,, nitrogen, phosphorus, and heavy metals.*” Advances in automation, the
use of marine renewable energy technologies, and co-location with infrastructure such as offshore wind and oil
rigs can bring down labor and capital expenses. Advances in algal breeding can increase macroalgae yield,
increase the concentration of high value extracts, decrease risk of disease, and improve structural integrity. Due
to the significant advancements in research and demonstration that must be made to enable large-scale
biomass production through macroalgae, it is not included in any estimates of future biomass supply or carbon
storage potential. However, it does represent an interesting and potentially scalable future opportunity that
should receive research support in the near term.

There have also been discussions about how to utilize marine algae to sequester carbon, though this topic is
controversial. This approach would involve upwelling deep-water nutrients to fertilize surface waters (where
sunlight allows for plant growth) and stimulate algae blooms, potentially using anthropogenic iron fertilization.
However, there are concerns about how this approach could affect marine ecosystems and the time line and
permanence of sequestration. As a result, this option has been largely sidelined in academic discussion.*®
However, many of these concerns are related to the behavior of microalgae. Macroalgae may provide valuable
carbon sinks relative to microalgae thanks to its higher carbon-to-phosphorus ratios and larger carbon retention
time (weeks compared with hours).*® Because of its high productivity per unit area, marine algae offers potential
for scalable carbon sequestration.>® One organization, the Climate Foundation, has developed an integrated
approach for mariculture and carbon fixation called marine permaculture. The Climate Foundation has been
working over the past decade to validate and scale marine permaculture arrays that can achieve both objectives
sustainably.

Dietary Changes

Pasture and rangeland for livestock grazing are the largest agricultural land uses in the world and the US,
covering more than 500 million acres in the lower 48 states.>* Pasture and rangeland are generally less
productive than row cropland, though some areas are irrigated and fertilized to enhance productivity. Given the
large area covered by pasture and rangeland, there is substantial interest in incorporating mitigation strategies,
including agroforestry, biomass production, forest expansion, and other opportunities. However, the growing
global meat demand may limit this potential, increasing grazing intensity and expanding grazing lands.
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Technological advances in plant-based meat alternatives could disrupt these projections. RMI’s Positive
Disruption report indicates that the plant-based meat industry is projected to grow at 6.6 percent annually in the
next decade. Veganism in the US has risen by 500 percent since 2014.5> Should these trends continue, the world
could see an unprecedented shift away from livestock production and associated land use, freeing up billions of
acres of land for alternative uses. This would be a true game changer in creating additional potential for negative
emissions solutions—if the global community were to phase out red meat or all meat consumption, 2.7 billion
hectares of grazing lands would be freed to sequester an estimated 4.3-7.8 Gt CO, annually by 2050.*
Furthermore, mitigation costs for stabilizing at 450 ppm atmospheric CO, levels would decrease by 70 percent
from a business-as-usual scenario. Although these scenarios are extreme, they indicate the scale of impact of
animal product consumption, and signal that the potential for harnessing even a fraction of this opportunity
would be significant. The private sector has been leading the way in developing commercial alternatives to meat
and animal products, and nongovernmental groups can continue to play an important role in advocacy and
awareness of plant-based alternatives.

TABLE 4: SUMMARY OF NEGATIVE EMISSIONS ENGINEERED AND TECHNOLOGICAL CLIMATE MITIGATION OPTIONS

US potential Policy needs
(Gt CO»/y, 2050) (+ carbon payments)
BECCS 0.1-0.6™ e See Tables 1 and 2 for e Funding to deploy a first-
’ ’ bioenergy research needs generation BECCS fleet
Biomass e Economic/agronomic co- e Funding for gasification +
gasification/biochar 01-0.1%4 benefits of biochar biochar demonstrations
o e Increasing efficiency and
cost of gasification
Deep-rooted crops oB_{ oxi e RD&D support for first-of- e Farmer outreach to socialize
) ) kind demonstration new seed varieties
Algae e Identify and quantify e Legal, regulatory frameworks for
Uncertain ecological, economic co- marine algae facilities
benefits e Risk-sharing, legal frameworks
for algal CO, utilization
Dietary changes xiii Improved, low-cost plant-  |e Social awareness of plant-based
0.26-0.48 i . .
based alternatives alternatives to animal products

Synthesis

The negative emissions climate solutions discussed above have the potential to contribute multiple Gt of carbon
sequestration in the coming decades. The numbers laid out in Tables 1 through 4 range from 2.6 to 7.6 Gt
COy/year in total technical potential in the US alone. Some of this potential could be overlapping, for example,
between dietary change (Table 4) and agroforestry (Table 3) or deep-rooted crops (Table 4) and agricultural soils
(Table 3). Much of this potential would require breakthroughs in soil carbon potential, crop varieties, and dietary
shifts. However, more mature technologies (forest expansion, enhanced forest management, avoided

** Range based on Limited Sink (low) and Benchmark (high) scenarios in US Mid-Century Strategy for Deep Decarbonization
(White House, 2016).

X Range based on Fargione et al. (in prep), with low based on $50/ton carbon price and high based on $100/ton carbon
price. Assumes only crop residues are used for biochar production.

! Range based on US Mid-Century Strategy for Deep Decarbonization (White House, 2016), p. 78.

I Range based on Stehfest et al., 2009, assuming US can account for 6 percent (202 million hectares of 3.3 billion hectares
global grazing lands, FAO, 2017) of global mitigation from phasing out global red meat consumption (low) to all meat
consumption (high).
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conversion, agricultural soils, and agroforestry) could still contribute more than 2 Gt annually of negative
emissions by 2050 on the lower end of each estimated potential.

Figure 2 synthesizes mitigation and carbon costs across forestry, agriculture, and BECCS opportunities, which
have the most quantitative cost and mitigation data available. This provides an indication of the important role
carbon pricing plays in driving higher levels of mitigation and the range of mitigation estimates across studies.
The linear fits across mitigation options show how quickly costs increase with scale, indicating that forestry
options will likely deliver the largest mitigation outcomes at lowest cost, though all can contribute meaningfully.

FIGURE 2: ESTIMATES OF US ANNUAL CO2 MILLION METRIC TONS (MMT) SEQUESTRATION THROUGH AFFORESTATION, ENHANCED
FOREST MANAGEMENT (EFM), IMPROVED AGRICULTURAL SOIL MANAGEMENT, AND BIOENERGY PLUS CARBON CAPTURE AND
STORAGE (BECCS). BASED ON 13 STUDIES (SYNTHESIZED IN VAN WINKLE ET AL., 2017; MURRAY ET AL., 2005; CHAMBERS ET AL.,
2016)
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3. POLICY CONSIDERATIONS FOR DEPLOYING NATURAL
CARBON SEQUESTRATION

Negative emissions opportunities are not a free lunch—policymakers and society at large cannot expect to
depend entirely on negative emissions and land carbon sequestration to resolve climate change.> These
mitigation tools must be used responsibly and in a way that is consistent with long-term climate goals.
Furthermore, responsibly increasing land carbon sequestration requires balancing competing land uses and
optimizing limited land resources across many societal goods and services. This section tackles these trade-offs
and ways to optimize land use across food, feed, fiber, recreation, housing, and commercial development, as
well as climate change.

Prioritizing Basic Societal Needs and Economic Justice

Creating demand for biomass and carbon storage on landscapes can drive up prices of other land-based goods
by increasing prices of land; increasing prices of inputs such as nutrients, water, labor, and logistics; and, in
more extreme scenarios, limiting the amount of production of other land-based goods and making them scarcer.
Successful climate policy will avoid increasing pressures on food insecurity, housing insecurity, and other
challenges, especially for those already at risk in these areas.

Minimizing Social Impacts

Global food demand could double by 2050, yet improving crop yields in line with historical growth rates would
deliver only a 38-67 percent increase in crop production.> To double food output by 2050 without any additional
land conversion to agriculture, global annual yield growth rates need to reach 2.4 percent, significantly higher
than the 1.6 (corn), 1.0 (rice), 0.9 (wheat), and 1.3 (soy) historical average rates (1961-2008). Assuming the US
contribution of these four major crops (which provide nearly two-thirds of global calories) stays proportional to
global production, and US yield growth stays constant in accordance with historical rates calculated in Ray et
al., US cropland area could increase by 52 million acres.*® Note that more recent studies question the need for
“doubling” future food supply, indicating that more recent yield improvements show that an increase of 25-70
percent in food production by 2050 from current levels may be more accurate.®’

Furthermore, land will be needed to support housing, transportation, commercial, and recreational needs for a
growing US population. The US Census projects a US population of 398 million in 2050, growth of 23 percent
from today’s levels. Depending on how much urban density can be increased, such growth could require
between 15 million and 45 million acres of urban settlement growth; the lower range is achievable if urban
density increases consistently with trends from 2000 to 2010, and the higher range if current urban density holds
into the future. This does not account for non-urban development that would also likely occur, for transportation,
industrial, and commercial expansion. It is possible to achieve denser urban development, but it could come at
the cost of increasing real estate prices, especially in areas closest to commercial centers and jobs. Ensuring
equal access to cities of the future through affordable housing development and mixed-use neighborhoods will
be critical in any case, but will be especially useful for reducing competitive effects of climate mitigation
strategies on lower-income individuals.

Addressing these aspects of land use policy will require action outside climate policy alone. Policies and
programs that can help optimize land use include:

e Research supporting increasing crop yields and innovative rotational strategies

e Policies that promote affordable housing and livable neighborhoods with access to food, commercial
needs, and transportation

e Policies that promote wise urban planning and revitalization versus expansion
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¢ Conservation easements for farmland and forests at the margins of urban areas, which can help reduce
urban sprawl and preserve natural and open lands for the future

Land use considerations also need to be integrated into climate policy, such as:

e Including potential impacts to food production and land use change in carbon accounting protocols.

e Undertaking national and international tracking to understand impacts of climate policies on land use
over time, and modifying policies if negative consequences occur, such as large-scale land conversions
away from food production. Setting boundaries on what is “acceptable” in this arena is a critical issue
for policy discussion. Such policy modification should be programmatically simple, such as reducing
funding for future negative emissions and land carbon activities.

Life-cycle Accounting Issues

The need for robust carbon accounting has been raised often in this report, to ensure climate policy is driving
incentives toward the “biggest bang for the buck” mitigation options. It also allows us to incorporate potential
direct and indirect impacts that can affect net carbon emissions over time and over geographic areas.

Critical components of any greenhouse gas emissions (GHG) accounting protocol for land carbon activities:

e Permanence—To provide effective climate mitigation, any carbon incentives for negative emissions
need to demonstrate that carbon will be sequestered “permanently.” This word can take on different
meanings depending on policy or program design. For example, the land use, land use change, and
forestry (LULUCF) sequestration recorded in the annual US GHG Inventory is not assumed to be
permanent, which is justified because net emissions from LULUCF are also accounted for on an annual
basis. Thus total annual fluxes are consistently reflected in total US emissions. For an individual carbon-
sequestering project that receives incentive funding, there would need to be higher bars for proof of
permanence, especially if the emissions reduction is meant to offset a unit of fossil fuels, which are
permanently emitted into the atmosphere. Thus the degree of “permanence” required should be
assessed on an individual policy basis.

e Additionality—If payments are being made for carbon sequestering activity, it should be limited to
activities that would not have happened otherwise. Verifying “additionality” often takes the form of
market analysis designed to understand the feasibility of undertaking a certain action in the absence of
any carbon incentive funding.

e Double counting—Similar to additionality, climate policies should avoid double counting for potential
emissions reductions vis-a-vis land carbon programs. For example, a wood products incentive program
might not receive credit for carbon avoided from fossil fuel-based products if those same products are
already facing their own carbon price.

¢ Indirect market effects and leakage —As noted above, land-based commodities are highly prone to
“leakage” effects due to interconnected regional and global agricultural and forestry markets. Market
effects can have both positive and negative impacts on net carbon emissions—for example, expanding
US forest area could drive up the price of pasture land and therefore the global price of beef, causing
greater deforestation in other regions to provide more pasture land. Conversely, putting in place carbon
incentives for forests can result in more competition with timber and pulpwood, potentially driving
additional expansion of forest area to support more competitive markets. Tracking the econometric
effects of climate policies over time can help decision makers better tailor carbon accounting protocol
calculations of indirect market effects.

Relevant Policy Structures

In the United States, there already exist a variety of incentives that play some role (almost always an indirect one)
in promoting carbon sequestration. These include conservation easements, sustainable practice incentives (such
as the federal Environmental Quality Incentives Program), and tax incentives for forest owners.
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Going forward, policymakers should make negative emissions strategies a key pillar of national climate policy.
Two of the main policy structures that can be used to achieve this are offsets and direct payments.

Offsets

Land carbon offsets are used already in a number of climate policies, including the California cap and trade
program, RGGI, as part of the proposed International Civil Aviation Organization’s (ICAQO’s) emissions trading
program, market-based mechanisms under the Paris Agreement, EU emissions trading program, and the Kyoto
Protocol Clean Development Mechanism. To qualify as an offset, a unit of emissions reduction from land carbon
activities must meet a high bar of demonstrating permanence and additionality, because it must act as a near
perfect countermeasure to a unit of fossil fuels that is emitted under a carbon cap. Offsets are an effective
mechanism for encouraging land carbon mitigation and have been successful in scaling up these activities. For
example, the California offset program has registered 173 forestry projects and awarded more than 60 million
tons of CO, reductions, and the Australian Carbon Farming Initiative (now the Emissions Reduction Fund) has
registered 500 projects with nearly 40 million tons of CO, credits issued.>® However, the technical complexity of
meeting rigorous offset standards, paired with low carbon prices in many programs, has limited broader
deployment. Stakeholders have further raised concerns that land carbon is inherently not well matched to
counteracting fossil fuel emissions because permanence cannot be guaranteed and fossil fuels should not be
given undue flexibility.

Direct Payments

Another option is to use revenues raised by carbon tax or carbon credit auctions to issue carbon incentives for
negative emissions activities. Such a program can utilize many of the aspects of an offset program, including
accounting measures and certain standards for permanence and additionality, and the use of competitive
auctions or markets to ensure incentives are competitively determined. However, because these units of
mitigation are no longer assumed to be offsetting fossil fuels, standards for accounting, permanence, and
additionality might be less stringent. The objective would be to enhance economy-wide emissions that are
otherwise falling under a carbon tax or cap and trade system with negative emissions activities that can help
lower overall costs of meeting economy-wide climate targets.

Policy Needs Summary

A common theme across these policy options is that, at least in the near term, revenues for negative emissions
incentives need to be integrated into climate policy frameworks if this approach is envisioned as a substantial
component of US climate mitigation. Note the distinction for the energy, building, transport, and industrial
sectors, where carbon emissions will be priced, but revenue outflows will not be required (other than for research
and development support and early market incentive programs before carbon pricing has matured).

Note in particular that land-based mitigation options offer less opportunity for technology advancement and
learning-by-doing to bring down the cost of mitigation, compared with the experience with renewable energy
technologies and electric cars. RMI’s Positive Disruption report highlights the immense potential for driving down
clean technology costs through innovation and existing market forces. However, the majority of land carbon
opportunities are based on mature agriculture and forestry practices where costs are generally well known and
opportunities for innovation are real but constrained by many decades of productivity improvements. To be sure,
increases in efficiency and innovation along the lines discussed for each of the mitigation categories above will
be critical for meeting a meaningful scale of mitigation. However, whether those innovations can bring costs
down by, for example, 400 percent, as was the experience with solar panels over the last 10 years, seems
unlikely. The innovations described above are more likely to allow land carbon practices to scale readily than to
bring costs down substantially per unit of mitigation. For those opportunities that require technology
advancement, such as BECCS, algae, and deep-rooted crop varieties, further research and demonstration could
have tremendous impacts on mitigation potential. However, great uncertainty remains as to whether these
technologies will ultimately be feasible.
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In summary, if negative emissions are to constitute a meaningful contribution to US climate mitigation, incentive
programs and robust policy, in addition to robust research and innovation, will be critical.
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