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Biomass carbon removal and storage (BiCRS) is a major carbon removal pathway 
that relies on living plants to capture CO2 from the air. Carbon removal is achieved 
when the carbon in plant biomass—which would otherwise be re-released to the air 
through natural decomposition processes—is captured and stored in materials or 
through geologic storage of CO2. All integrated assessment-model projections with a 
reasonable chance of limiting warming to 1.5 °C by 2100 rely on BiCRS as a primary 
carbon-removal approach [1, 2]. The outsized potential impact of BiCRS (the amount 
of long-term carbon removal at an intermediate cost (<$100/tonne CO2)) lies in 
the ability to generate a wide range of materials and energy products from plant 
biomass, thus generating revenue streams while also providing alternatives to fossil-
based products in addition to carbon-removal services. Our BiCRS analysis includes 
biomass drawn from carbon crops, or wastes and residues from forestry, agriculture, 
and municipal sources. We recognize that BiCRS is not risk free; crops dedicated for 
CO2 removal can have negative effects on ecosystem biodiversity, carbon storage in 
trees and soils, and can put pressure on land needed for food production. Displacing 
food production creates a risk of indirect land-use change and unforeseen adverse 
climate impacts. Other major BiCRS risks are associated with its complexity. 
BiCRS requires collaboration between biomass producers; biorefinery investors, 
constructors, and operators; and operators of bioproduct and CO2 distribution and 
storage systems. Due to the broad scope of BiCRS, this chapter is necessarily wide 
ranging and addresses land use, biomass availability, biomass conversion pathways, 
and opportunities for biorefinery siting in the United States.

SUMMARY

Biomass Carbon Removal and  
Storage (BiCRS)

Key Findings
• In the United States, BiCRS has the potential to exceed 800 million tonnes of CO2 

removed from the atmosphere per year at a net cost less than $100/tonne CO2, 
with no impact on food production.

• Every region has a role to play in BiCRS carbon removal in the United States; 
interaction between regions is required for the full value chain.

• We found a wide range of potential biomass availability for BiCRS in a mature 
market—from 0.5 to over 1 billion dry tonnes of biomass per year depending on 
the approach to land use.

• BiCRS pathways that produce hydrogen are favorable for maximizing CO2 removal 
at low net cost per tonne CO2 due to high CO2 removal per tonne of biomass and 
revenue streams from the sale of H2. 

C H A P T E R6
CHAPTER SCOPE
This chapter provides a compre-
hensive analysis of the impact and 
cost of biomass carbon removal 
and storage (BiCRS) for the United 
States—a set of diverse approaches 
that useplants to remove carbon 
from the air. Topics include: 

• Baseline biomass availability 
(wastes and residues) with no 
land-use change

• In-depth assessment of 
sustainable biomass supply 
and costs within a range of 
approaches, including two  
different approaches to carbon-
crop production 

• Distribution of biomass use within 
27 unique, technologically mature 
BiCRS pathways, with detailed 
technoeconomic assessment 
(TEA) and life-cycle assessment 
(LCA), transportation costs and 
logistics 

• Regional and system-level insights 
for the most promising BiCRS 
pathways and key drivers of CO2 
removal rate and cost, including 
energy equity and environmental 
justice (EEEJ) impacts
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• The most influential factors determining cost per tonne 
of CO2 are the capital and operating costs of biorefineries 
and the selling price of co-products, followed by biomass 
feedstock costs and biomass transportation costs.

• While not the dominant pathways in terms of quantity, 
production of long-lived carbon products (bio-oil for as-
phalt, polyethylene, wood products) can play a major role 
in carbon removal due to low costs per tonne CO2 and less 
reliance on geologic storage. 

• A wide range of technologically mature BiCRS pathways 
can serve social, political, regional, and national goals 
(e.g., production of hydrogen and aviation fuels, reducing 
the burden of pollution on communities) while providing 

Figure 6-1. A snapshot of a US BiCRS system that could achieve 90% carbon-removal capacity (related to total biomass availability) 
at minimal cost ($/tonne CO2). The symbols represent facility type, and symbol color represents biomass type (forestry, agriculture, 
municipal solid waste (MSW), or carbon crops). Orange lines represent CO2 pipelines (current and proposed), thick lines represent 
biomass transportation by rail and narrow lines by truck. The color of the transportation lines indicates the type of biomass 
being transported. The total CO2 removal potential depicted here represents 820 million tonnes/year, with 270 gasification-to-
hydrogen facilities and 34 million tonnes of hydrogen production; 46 combustion-to-electricity facilities with 150 TWh of electricity 
production; and 6 pyrolysis-to-asphalt facilities with 6.7 and 1.4 million tonnes of asphalt and biochar production. Most facilities 
have a capacity of 5000 tonnes/day of biomass throughput. Shaded areas represent geologic storage availability. 

high-capacity carbon removal; in any approach, hundreds 
of mid- to large-scale facilities must be built across the 
United States that link reliable biomass supply, biorefin-
eries, geologic storage, and bioproduct distribution. The 
complexity and scale of implementation, coupled with 
the potential for significant climate and regional benefit, 
requires urgent action. 

• With purposeful scale-up that assesses the baseline  
pollution burdens of each biomass feedstock and the 
people who are inequitably exposed to them, BiCRS can 
be used as a tool for restorative environmental justice for 
a number of environmental pollutants (e.g., PFAS, PM2.5, 
odorific gases, and excess nutrients.) 
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Figure 6-2. Average CO2-removal costs and cumulative CO2-removal potential for US BiCRS system to achieve 90% carbon-removal 
capacity based on biomass availability. 6-2a shows an optimized result to maximize carbon-removal rate (tonnes/year) while 
minimizing carbon-removal cost ($/tonne CO2). 6-2b shows the BiCRS pathways represented in the Executive Summary  
ES-4, reflecting the BiCRS carbon-removal rate and cost when 17.5 billion gallons of sustainable aviation fuels (SAF ) are produced, 
providing half of DOE’s projected SAF demand in 2050. The two supply curves reflect a small subset of potential uses 
for biomass that could provide bioenergy and bioproducts, including H2 , electricity, and renewable natural gas (RNG), and  
carbon-removal services. All costs and emissions from biomass collection, transportation, and conversion and CO2 transportation 
and injection are included.

Gasification to H2

Pyrolysis to asphalt

Biogas capture

Combustion to electricity

Anaerobic digestion to RNG

0 200 400 600 800 877

300–

250–

200–

150–

100–

50–

0–

CO
2 R

em
ov

al 
Co

st 
($

/to
nn

e 
CO

2)

CO2 Removal (Million tonnes CO2 /year)

0.90.9

114

57

692

A

B

13

182
CO2 Removal (Million tonnes CO2 /year)

Anaerobic digestion to RNG 0.9

Gasification to H2

Pyrolysis to asphalt

Biogas capture

Gasification to SAF
Combustion to electricity

290

57
3

347

15

200 400 600 712

300–

250–

200–

150–

100–

50–

0–

CO
2 R

em
ov

al 
Co

st 
($

/to
nn

e 
CO

2)



December 2023Chapter 6. Biomass Carbon Removal and Storage6-4

Introduction
Almost all integrated assessment model (IAM) climate-
change mitigation scenarios rely heavily on the deployment 
of bioenergy technologies, and all Intergovernmental Panel 
on Climate Change (IPCC) Shared Socioeconomic Pathways 
[3] with a reasonable chance of limiting warming to 1.5 
°C by 2100 rely on bioenergy with carbon capture and 
storage (BECCS) as a primary carbon removal approach [1, 
2]. Bioenergy in these scenarios can be used for electricity, 
liquid fuel, biogas, and hydrogen production, and all can be 
produced in combination with carbon capture and storage 
[1] to store a significant portion of biomass carbon as CO2 in 
geologic reservoirs.

In this chapter, we assess the potential for CO2 removal from 
biomass in the United States, and we broaden our focus 
from solely bioenergy products to include other end uses for 
biomass that remove carbon from the air. We use the term 
BiCRS[4] rather than BECCS to encompasses all approaches 
that (a) use biomass to remove CO2 from the atmosphere 
and (b) store biomass carbon as CO2 deep underground, as 
soil carbon, or in long-lived products, while (c) protecting 
and promoting food security, rural livelihoods, biodiversity 
conservation, and other important societal values. 

Because BiCRS lies at the intersection of land use, agriculture, 
and biorefinery technologies, implementation barriers can 
be complex and regionally specific; the risks and benefits 
depend on implementation details and counterfactual land 

uses. In this chapter, we illuminate the regionality of BiCRS 
pathways in the United States, while providing approaches 
to avoid unintended consequences due to land-use change. 
The primary risks associated with BiCRS are land degradation, 
water scarcity, biodiversity loss, and food insecurity, which are 
primarily attributed to converting lands that provide ecosystem 
services or food to lands that produce purpose-grown carbon 
crops [5]. 

The concept of BiCRS acknowledges a future in which 
biomass is more valuable for its carbon content than for its 
energy content due to the potential to remove and store 
large quantities of atmospheric CO2. Recent analyses show 
that biomass carbon-removal revenue can exceed bioenergy 
revenue at CO2 prices less than $200/ton [6]. In practice, BiCRS 
enables and expands the production of a variety of carbon-
negative bioproducts that are difficult to sustainably produce 
by other means, including liquid fuels (especially for long-haul 
transport and aviation), biochemicals (e.g., isobutanol, 
hydrogen), bioplastics (e.g., polyethylene), biocarbon (e.g., 
biochar and bioasphalt), and wood products (e.g., small-
dimensional lumber), among others. Some BiCRS pathways 
produce no bioproducts other than carbon-removal services. 
We assess a wide range of approaches that have sufficient 
technological readiness and relevant data for a comprehensive 
assessment of BiCRS pathways for the United States. 

In this chapter, we provide a comprehensive assessment of 
potential mid-century BiCRS CO2 removal rate (tonnes CO2/
year) and cost in the United States through synthesis of data 
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Figure 6-3. Overview of generalized BiCRS pathway and principles of CO2 removal. Plants capture and store CO2 from the air. 
Carbon removal is achieved when the plants are treated in a conversion process, often to produce valuable products, as well 
as converting the biomass carbon to a form suitable for high-durability removal, such as geologic storage. “Forestry residues” 
represents branches, tops, and small-diameter trees (plantations and thinnings). “Agriculture” includes wastes and residues 
available after accounting for current use. “Municipal solid waste” (MSW) represents biogenic wastes already collected and 
otherwise destined for landfill. “Carbon crops” represents native perennials planted for carbon removal.
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and new analysis of BiCRS-relevant biomass supply, as well as 
an extensive assessment of conversion technology pathways 
and logistics. Our analysis boundaries and an illustration of the 
BiCRS concept is shown in Figure 6-3. Previous studies have 
expertly aggregated available data and analyzed the potential 
role of bioenergy in the context of decarbonization and the 
goal of net zero [7]. Here, we have focused our analysis on the 
value of BiCRS for carbon removal and do not pursue avoided 
emissions or decarbonization targets as primary drivers. 
However, in specific cases, we report the potential avoided-
emissions impact of the most prominent pathways. Our focus 
on carbon removal extends from accounting for the impacts of 
biomass cultivation on soil carbon to the biomass carbon end-
state—where we account for carbon removal with greater than 
100-year durability. We avoid carbon leakage through indirect 
land-use change by implementing sustainability constraints in 
our biomass supply assessment. We also prioritize land use 
that (a) does not create long-lived carbon debt, (b) does not 
adversely impact biodiversity, and (c) agronomic management 
that requires neither irrigation nor significant nitrogen fertilizer 
to avoid further carbon costs. We report how US CO2-removal 
regions uniquely contribute lands, biomass, biorefineries, and 
geologic storage for BiCRS and what opportunities emerge for 
these regions and communities in this build-out. 

Major Findings
We find that US BiCRS carbon-removal potential exceeds 800 
million tonnes of CO2 per year at a cost less than $100/tonne 
CO2, with no impact on cropland or commodity prices. Our 
market-driven “maximum biomass potential” approach, which 
allows carbon price to dictate biomass producer behavior, 
predicts yet higher biomass potential and soil carbon storage, 
exceeding 1 billion tonnes of CO2 removal per year. These 
results indicate that BiCRS has the potential to be among 
the most significant carbon removal pathways in the United 
States, due to removal rates that exceed those of forests and 
soils at costs that are lower than direct air capture (DAC) with 
storage (DACS) (but with significantly more stakeholders, 
land-use competition, and supply chain challenges). See the 
CO2 supply curve ES-4 in the Executive Summary for more 
context. We identify areas of potential concern (e.g., increased 
water demand or competition with existing industries), and 
areas of benefit to communities (e.g., improvement to air 
and water quality, increased jobs in vulnerable communities). 
These are neither predictions nor recommendations but are 
rather assessments of potential and would require buildout 
of hundreds of facilities in the creation of a robust carbon-
removal industry in the United States. 

Analysis Approach

Guiding Principles
In our analysis, we prioritized CO2-removal pathways for 
which, at time of writing (1) data from demonstrations of 
technologies (technology readiness level (TRL) 7+) are of 
sufficient detail to allow calculation of carbon-removal costs 
and (2) data are available on durability of carbon removed, 
in which multiple sources indicate >100-year carbon removal 
from the atmosphere. Our primary analysis objective was 
to find carbon-removal pathways with the potential for the 
highest rates of removal (tonnes CO2/year) at the lowest 
total-system cost  
($/tonne CO2), while also prioritizing biodiversity and 
maintaining existing carbon stocks in trees and soils. 

Given these guiding principles and constraints, we excluded 
several pathways from detailed analysis in this report that 
may yet play a major role in carbon removal. For example, 
our objective to rely on pathways with extensive published 
data providing evidence of durability meant that we excluded 
emerging carbon removal pathways involving biomass burial. 
(Note that we provide descriptions of emerging pathways in 
Box 6-4 later in this chapter.) Further, as described in Box 6-1, 
we highlight but do not analyze the role of carbon capture 
from corn ethanol biorefineries for BiCRS, due to lack of data 
on how these pathways can achieve net carbon removal and 
challenges in estimating the cost of retrofitting these facilities. 
However, we do analyze and describe the role of cellulosic 
ethanol pathways, as they could provide additional benefits 
of increasing biodiversity and increasing soil-carbon storage 
and soil water-holding capacity if a small fraction of current 
low-productivity corn ethanol cropland is converted to native 
perennial carbon crops, as described in Chapter 3 – Soils. 

Of note, we found major economic benefits to producing a 
salable product. While our assumptions of product revenue 
were conservative (we assumed only historical averages of 
fossil-based product prices with no incentives), we found 
that bioproduct revenue played a significant role in reducing 
overall CO2-removal costs. 

Finally, we acknowledge that there are numerous competing 
uses for biomass in a carbon-constrained future, and 
we do not purport to know which uses will be the most 
beneficial—this question must be answered by communities, 
stakeholders, and policymakers. However, we do provide 
information on how biomass carbon-removal pathways 
influence other goals. For example, we note that production 
of biofuels (e.g., hydrogen, sustainable aviation fuels, 
renewable natural gas (RNG)) and products (e.g., bio-asphalt, 
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bio-ethylene, wood products) can contribute significantly 
to decarbonization by offering a path to avoiding fossil fuel 
production and emissions, in addition to removing CO2 from 
the air. 

Workflow 
We conducted biomass assessments based on two time 
periods—2025 and 2050—to quantify how changes in 
biomass supply, grid decarbonization, CO2 transportation 
infrastructure, and markets for BiCRS products influence 
supply and cost for CO2 removal (see workflow, as shown in 
Figure 6-4). The 2025 assessments provide a benchmark, 
giving the most conservative removal rate based on the 
biomass supply, bioproduct market demand, grid carbon 
emissions, and CO2 transportation infrastructure that exist 
today. However, realizing the full scope of BiCRS pathways 
(biomass sourcing, conversion, and CO2 storage) using these 
resources will require build-out of hundreds of facilities; we 
do not attempt to project the rate of that build-out in this 
chapter. The 2050 assessments include a range of potential 
biomass supply and assume a zero-emission energy grid, the 
existence of a major CO2 trunk pipeline, and a bioproduct 
market-demand potential in 2050. Table 6-1 summarizes 
the biomass sources included in our three assessments of 
potential biomass supply in 2050. Throughout this chapter, 
we refer to purpose-grown biomass crops as “carbon crops” 

to emphasize the value of this biomass for carbon removal. 
The 2050 biomass assessments include a new analysis of 
potential supply from carbon crops and the associated 
soil-carbon impacts described in the Section 6.2 and Chapter 
3 – Soils. 

In Section 6.3, we describe methodology for linking biomass 
to conversion technologies of sufficient technological 
readiness according to key biomass suitability characteristics. 
Additionally, we conducted cradle-to-gate (BiCRS co-products) 
and cradle-to-grave life-cycle assessments (LCAs) of each of 
27 unique pathways, alongside technoeconomic assessments 
(TEAs). We used biomass supply at the county level, LCA 
and TEA, geologic storage location and costs, and road and 
rail information as inputs into an optimization tool that 
enables biorefinery siting to minimize CO2 removal costs. 
We explore key implementation and regional questions that 
cannot be answered through simply linking biomass supply to 
conversion technologies in a gate-to-gate TEA. Optimization 
results are highly dependent on our input assumptions; for 
this reason, we provide these assumptions and sensitivity 
analyses to find the most important parameters. We report 
US regions where biomass may be stranded or underutilized 
due to high biomass density or limited transportation 
infrastructure or geologic storage capacity. Additionally, we 
report how BiCRS cost drivers and key pathways vary from 
region to region.
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Figure 6-4. Biomass assessment and workflow to generate understanding of BiCRS supply, costs, regional supply, and Energy Equity 
and Environmental Justice (EEEJ) impacts in the United States. The Zero Cropland Change biomass assessment includes native 
perennial grasses grown on the following lands: Conservation Reserve Program (CRP) lands, marginal and abandoned lands, and 
lands that become available due to decline in corn ethanol demand. 
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Table 6-1. Summary of three 2050 assessments of biomass potential described in this report. The three distinct approaches 
provide a range of potential biomass supply. The baseline includes wastes, residues, and Western Forest Restoration biomass. 
Zero Cropland change adds perennial grasses on non-cropland to the baseline biomass. Maximum potential includes baseline 
biomass, maximum potential agricultural residues, and maximum potential carbon crops based upon an economic response 
to biomass price with sustainability constraints. The biomass quantities according to each approach (and their locations) are 
described in sections 6.1 and 6.2 and applied to different conversion technologies in 6.3.

Biomass Type Included In Each Assessment

2050 Baseline Zero Cropland Change Maximum Economic Potential

Wet Waste  
(Manure + Food)

Wet Waste  
(Manure + Food) Wet Waste (Manure + Food)

Agricultural Residues Agricultural Residues Maximum Potential Agricultural Residues

Forestry Residues Forestry Residues Forestry Residues

Western Forest  
Restoration Western Forest Restoration Western Forest Restoration

Municipal Solid Waste 
(MSW) Municipal Solid Waste Municipal Solid Waste

– Restored Prairie on CRP lands Maximum economic potential switchgrass

– Switchgrass and restored prairie on  
marginal lands Maximum economic potential willow

– Switchgrass on former corn ethanol lands due 
to vehicle electrification Maximum economic potential poplar

6.1. Current and Baseline 
2050 Biomass Assessment
The purpose of our current (2025) and baseline (2050) 
biomass assessments is to understand potential BiCRS 
biomass supply (primarily wastes and residues) without 
the addition of purpose-grown carbon crops or land-use 
change, thus avoiding the primary BiCRS risks described in 
the Introduction. In all cases, we selected a subset of biomass 
types from the entire available biomass supply for their 
suitability for BiCRS and in almost all cases the biomass was 
available nationally at >1 million dry tonnes per year (with the 
exception of food waste, oat and barley straw, and primary 
mill residue). We summarize all biomass types, categories, 
and data sources, including those in our baseline assessment, 
in Figure 6-5. 

The baseline 2050 biomass supply is available in five 
primary categories: biomass associated with (1) agricultural 
residues and processing wastes, including manure; (2) 
forestry residues, processing wastes, thinnings from wildfire 
mitigation, and small diameter trees from thinnings and 
increased productivity on current plantation lands; (3) 
municipal solid waste (MSW), including food waste; and (4) 
biogas from landfills, manure management, and wastewater 
treatment. In Section 6.2, we describe the potential biomass 

supply from additional carbon crops according to two distinct 
approaches: a land-use-constrained approach and a market-
driven approach. 

We have categorized biomass by industry sources rather 
than by end-state (e.g., wastes, residues) or composition 
(e.g., herbaceous, woody, high moisture, etc.) in order to 
better identify land and processing needs. We intended 
the categorization according to industry to help enable 
understanding of regional industries that can play a role in 
carbon removal. All biomass in our baseline assessment is 
technically available outside of current use , and we connect 
the biomass to conversion technology according to a specific 
subset of biomass characteristics as part of our workflow. 

We sourced the majority of the feedstocks in our 2025 and 
2050 baseline assessments from the 2016 Billion Ton Report 
[8] and the National Wet-Waste Inventory [9] but leveraged 
multiple databases; we describe the predominant types of 
biomass in each region in Chapter 10. To extend the estimate 
of supply from current (2025) to 2050, we made assumptions 
according to the source of biomass. For data sourced from 
the National Wet-Waste Inventory, we extended the supply 
of available biomass to mid-century based on the US Census 
Bureau’s predicted population growth of 13% [10]. We used 
this same methodology to extend supply from current to mid-
century for paper and paperboard. We extended the data 
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Figure 6-5. Summary of biomass types and categories included in our analysis. Current (2025) biomass includes all agriculture, 
forestry, municipal solid waste (MSW), and biogas sources except for western-forest restoration biomass. Baseline (2050) biomass 
is identical to 2025 but includes slight increases due to yield and population projections, as well as inclusion of western-forest 
restoration biomass.

sourced from the 2016 Billion Ton Report [11] to mid-century 
by applying the most relevant scenarios (medium housing 
demand and low energy demand for forestry biomass, and 
1% base-case scenario for agricultural biomass) in the year 
2045. Below, we spotlight paper and paperboard, as well as 
western-forest restoration, for in these categories we provide 
additional compilation or modeling of supply and cost outside 
of existing databases. In Figure 6-6, we show (aggregated) 
biomass supply across the United States for our 2050 baseline 
assessment and biogas sources. 

Agricultural Biomass 

Agricultural biomass results from existing agricultural oper-
ations: crop residues, such as corn stover and cereal straws; 
processing wastes, such as cotton gin trash and sugarcane 
bagasse; and wet waste, such as manure from livestock and 
dairy operations. The predominant source of agricultural 
biomass in the United States is from corn stover concentrated 
in the Great Lakes and Upper and Lower Midwest regions; 
indeed, this is one of the most significant sources of bio-
mass across all categories. We constrain residue removal to 
avoid erosion and soil-carbon loss as recommended by the 
US Department of Agriculture’s (USDA’s) Natural Resource 

Conservation Service (NRCS) [12]. Utilization of agricultural 
residues for BiCRS can represent an additional source of 
revenue for farmers, avoid disposal costs, and improve air 
and water quality. In the case of manure, there are additional 
benefits in terms of odor control. These air, water, and odor 
impacts are described in the Energy Equity and Environmental 
Justice (EEEJ) final section 6.3 of this chapter and in Chapter 
9 – Energy Equity and Environmental Justice. 

Dairy and swine manure from concentrated animal feeding 
operations (CAFO) provide a second important agricultural 
source. Here, modeled manure prices can include disposal 
costs or a price that a farmer might pay to a biorefinery or 
landfill to accept the manure waste. Prices of waste resources 
will vary with supply, demand, and policy factors, creating 
the possibility that negative prices may become positive 
as markets develop and demand increases for wastes. For 
purposes of a scenario evaluation, we assume a range of 
prices for manures from confined animal feeding operations 
that can be as low as $-50/dry tonne (costing the farmer to 
dispose of the waste). Our results may deviate from waste 
prices that will be reported in an update to the Billion Ton 
Report in preparation at this writing and warrant additional 
research. 
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Figure 6-6. Biomass production and locations of biogas sources for the 2050 baseline biomass assessment with no additional 
carbon crops or land-use change. Only wastes and residues from current agriculture, forestry, and municipal solid waste (MSW) is 
included. The total biomass represented here is 494 million tonnes per year.

Forestry Biomass
The forestry biomass quantities reported here for our 2025 
and baseline 2050 biomass assessments are primarily 
sourced from the 2016 Billion Ton Report [8]. The baseline 
2050 forestry biomass quantities in our analysis also include 
western-forest restoration biomass quantities resulting from 
thinning operations to reduce wildfire risk, as described 
below. The forestry biomass supply accounting in the 2016 
Billion Ton Report includes (1) the unused fraction of primary 
and secondary mill residues and logging residues from 
existing conventional harvests and (2) small-diameter trees 
(<11 inches DBH; diameter at breast height) that could be 
available within environmental and sustainability constraints. 
Sustainability constraints for forest biomass include exclusion 
of wetlands and other protected and sensitive areas, 
accessibility with no forest-road building, leaving at least 
30% of residues on site [13, 14], restriction of harvest levels 
to ensure that timber growth always exceeds harvest at the 
state level, and others as specified in section 3.1.5 of the 
2016 Billion Ton Report. All forest removals are modeled 

from timberland portions of forestlands (USDA Forestry 
Service definitions), though whether these were intact or 
not was not technically a modeling constraint. To deconflict 
forestry biomass in the western states, we compared forestry 
biomass quantities from thinning operations on a county level 
between the 2016 Billion Ton Report [8] and our western-
forest restoration analysis and selected the greater quantity. 
Chapter 2 – Forests in this report also describes in detail the 
diverse types of forests and special considerations for using 
these forests for CO2-emissions reductions and removal. Here 
we assess only the biomass availability from forestry, which is 
concentrated most prominently in the Southeast, Appalachia, 
Northeast, and Northwest.

Forestry biomass is of high value to BiCRS due to its 
applicability to a wide range of conversion technologies and 
consistent feedstock characteristics. However, there is also 
the danger of substantial carbon debt if the forest carbon 
content and accumulation rate exceeds the carbon storage 
and capture of the harvested material. The opportunity cost 
of leaving the forest intact is a crucial consideration.
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Subtopic: Western-Forest Restoration Biomass  
for Wildfire Mitigation
To address the wildfire crisis in the American West, the US 
Forest Service (USFS) has proposed a 10-year wildfire-crisis 
strategy to conduct forest thinning on 28.3 million hectares 
(ha) of USFS lands (57%; 16.2 million ha) and other federal, 
state, tribal, and private lands (43%; 12.1 million ha). In 
Chapter 2 – Forestry of this report we include a separate but 
complementary analysis of forest carbon-emissions-reduction 
potential—in the context of catastrophic wildfire—from 
managing fire-prone forests in the western United States 
that are adjacent to or within human population centers 
(the “wildland-urban interface”). In this BiCRS chapter, we 
prioritize managing forested regions of the West to maximize 
available biomass (within policy and operational constraints), 
while Chapter 2 prioritizes forest-management regions where 
wildfires risk human settlements. Because the analysis in 
Chapter 2 reports emissions reductions from avoided wildfire 
(as opposed to carbon removal), we avoid double counting 
carbon. 

Given the large scale of forest restoration required beyond 
USFS commitments, we set 2.8 million ha per year as the rate 
of restoration in 2050. However, as current forest-restoration 
activities are well below this rate, we remain conservative in 
our 2025 assessment, including only reported values from 
the 2016 Billion Ton Report [8]. For the 2050 assessment, 
we quantify the amount of non-merchantable low-value 
forest residues that will result from treatment across 11 
states (California, Idaho, Nevada, Oregon, Washington, New 
Mexico, Arizona, Wyoming, Utah, Colorado, and Alaska). We 
include counties in order of decreasing wildfire hazard, such 
that biomass will be accumulated in the highest risk counties 
first, with lower risk counties included until 28.3 million ha is 
achieved, with 57% from USFS land and the remaining 43% 
from other federal, state, tribal, and private lands. We then 
calculate the average amount of low-value biomass generated 
in this 2.8 million ha as a representative value for 2050. For 
both scenarios, we sub-divide the biomass into six accessibility 
categories based on slope and distance to existing roads and 
assign these values different economic costs of acquisition 
[15, 16].

We estimate that 1.21 billion tonnes of low-value forest-
biomass residues will be generated if the 28.3 million most 
at-risk hectares are treated in the American West. If we assume 
that the rate of forestry restoration is constant through 2050, 
we estimate that the annual available forestry residues from 
wildfire mitigation activities applicable in 2050 will be 121 
million tonnes. The geospatial distribution of the biomass from 
Western Forest restoration is shown in Figure 6-7.

Municipal Solid Waste (MSW) Biomass
MSW includes biogenic wastes that are in most cases already 
collected and destined for landfill. The wastes in this category 
are paper and paperboard (for which we conducted new 
analysis to update and refine collection and separation price 
estimates); construction, demolition, and other urban wood 
wastes; and food waste. MSW is attractive for BiCRS because it 
is already collected, and the alternative fate is landfilling, which 
can incur disposal costs and methane emissions from anaerobic 
decomposition in landfills. However, MSW is highly variable and 
separation costs are uncertain; for this reason, we assumed 
that a subset of the MSW with high ash composition was only 
suitable for combustion. We used data on MSW quantities for 
the contiguous United States from the 2016 Billion Ton Report 
and for Hawaii from the academic literature [17]. 

Subtopic: Paper and Paperboard
We considered availability of only non-recycled paper and 
paperboard as feedstocks for BiCRS to avoid unintended 
impacts on the recycled paper and paperboard market 
found a potential supply of 22 million tonnes per year at 
a price less than $50 tonne. Using these feedstocks can 
avoid landfill methane emissions and take advantage of 
pre-existing collection and sorting infrastructure (though 
additional infrastructure is likely required for sorting higher 
volumes of material). Our reported county-level availability 
is based on 2018 US Environmental Protection Agency (EPA) 
national estimates [18], allocated to counties by population, 
and excludes (subtracts) estimates of recycled material. To 
estimate prices, we added sorting costs (a range of $60–$80) 
based on population density and tipping fees (which can be 
negative) [19]. Densely populated counties typically result 

Figure 6-7. Bivariate graphic of mid-century, 28.3-million-ha 
western-forest restoration biomass supply. Low-to-high 
hectares per county (gray to bright pink) and low-to-high 
tonnes per county (gray to bright blue) are shown. Counties 
with high hectares and high tonnage are represented in dark 
blue. BDT = bone-dry tonnes.
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in lower delivered feedstock costs because sorting and 
collection costs are lower and avoided landfill tipping fees are 
higher. However, contamination will be a crucial challenge to 
overcome, particularly in regions where sorting infrastructure 
is limited or nonexistent. A limitation of prioritizing non-
recycled paper/paperboard material is that there is a reason 
why it is not utilized. For example, some may not be captured 
in recyclable streams either because no curbside recycling 
program is available or because a materials recovery facility is 
rejecting it in bales that are contaminated. We do not know 
how future demand for this material will impact its recovery 
rates, if at all. By prioritizing county-level estimates of non-
recycled material, our report likely sources paper/paperboard 

feedstock in regions where infrastructure/curbside recycling 
programs are currently insufficient to recover it. Further 
understanding of collection and sorting costs and investment 
in sorting infrastructure will be needed to capture this 
important resource for BiCRS.

Biogenic CO2 Emissions: Focus on Biogas
Biogenic CO2 emissions present a near term opportunity for 
CO2 removal from current biomass-conversion facilities—here 
we included biogas from wastewater-treatment facilities and 
landfills in our primary analysis, but several other sources exist 
today, including paper mills and corn ethanol fermentation 
facilities. We discuss additional sources of biogenic CO2 in 

CO2 Capture from Corn Ethanol and Pulp/
Paper Industries: 
The United States has a robust industrial bioeconomy currently emitting over 220 million tonnes of biogenic CO2 per year 
[21, 22]. Ethanol fermentation and wood pulping are two existing industries with potential for carbon removal but are not 
included in our modeling study due to lack of granular LCA and TEA data along their respective supply chains.

The carbon intensity (CI) of producing ethanol from corn grain decreased by 23% over 15 years (2005 to 2019), largely 
due to an increase in grain yield with constant fertilizer input, an increase in ethanol yield during fermentation and 
downstream purification, and a reduction in energy consumption onsite at the ethanol refinery [23]. In addition, 
the generation of co-products that avoid fossil-carbon emissions have helped to decrease the CI for corn ethanol, 
including dried distillers grain and corn syrup for use in animal feed, corn oil for use in various products, and CO2 used 
in food processing and beverage production. The ethanol industry emits ~45 million tonnes of biogenic CO2 in a highly 
concentrated form (>90 mol%), which makes it amenable to low-cost capture. Approximately 60% of CO2 emissions 
from ethanol refineries could be captured and compressed for under $25/tonne CO2 [22]. Several US industrial ethanol 
companies are currently capturing and storing CO2 in geologic formations, including Archer Daniel Midlands [24]. 

We did not include corn grain–derived ethanol as a BiCRS pathway for modeling due largely to its inability to achieve 
a negative CI without substantial retrofitting of existing corn-ethanol facilities. LCA of corn-grain conversion to ethanol 
shows a positive CI score even when capture and sequestration of CO2 and utilization of carbon-free electricity are 
included [25]. Retrofitting existing corn-ethanol facilities—including adding operations to capture post-combustion CO2 
from onsite boilers and replacing natural gas with clean fuels—has the potential to enable negative CI scores. We deemed 
including such retrofits into our modeling infeasible due to the complexities, variations, and uncertainties of mass and 
energy flows and economic metrics specific to existing corn ethanol sites across the United States. Future work should 
address these uncertainties on a granular, national scale. The co-production of cellulosic ethanol from corn stover has the 
potential to substantially enhance the carbon -emoval potential of the ethanol industry [26]. 

The pulp and paper industry is the largest bioenergy producer in the United States and annually 
emits ~115 million tonnes of biogenic CO2 in various forms from multiple unit operations, 
including the recovery boiler (~13 mol% CO2), multi-fuel boiler (~9 mol%), and lime kiln (21 
mol%) [21]. Particular pulp mills have low-cost, high-quality thermal energy available onsite 
from the combustion of excess biomass waste streams that could be supplied to amine 
scrubbing technologies for CO2 capture [21, 27]. 

Future work will develop detailed TEA and LCA data for the ethanol and wood pulp 
industries to understand the cradle-to-grave cost and overall impact of carbon removal in 
these two promising bioeconomy industries.
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Box 6-2. Biogas is a mixed gas stream derived from anaerobic 
fermentation of organic materials, with approximately equal 
volumes of CO2 and methane composing about 95% of the 
total volume. Because of the relatively high CO2 composition 
of biogas, separation of the CO2 is straightforward and 
technologically mature, and hundreds of sites produce 
biogenic CO2 suitable for BiCRS from biogas across the 
country today. Separation of CO2 and other constituents from 
biogas—or “biogas upgrading”—results in pipeline-quality 
RNG that can be readily integrated into existing infrastructure 
as a drop-in replacement for natural gas. We show the supply 
of CO2 from biogas that we used in our analysis in Table 
6-2. We assumed that wastewater biogas sources increase 
over time due to projected population increases, and that 
the landfills are closed to new waste in 2025, resulting in an 
estimated decline in biogas production of 2% per year [20]. 
We made this assumption to avoid double counting biogenic 
carbon because we account for a signification fraction of 
(assumed) diverted biogenic wastes in our MSW assessments, 
though we acknowledge that the assumption that landfills 
would be closed to new organic waste in 2025 is highly 
conservative. 

We regard separation and storage of CO2 from biogas, with 
use of the resulting RNG to displace fossil-derived natural 
gas, as a near-term BiCRS carbon-removal opportunity. We 
assumed a price of $0/tonne for the biogas from these 
sources since it is already being produced and collected. 
However, in section 6.3, we assign costs to the separation of 
CO2 from biogas as part of the BiCRS pathway.

Supply curves (Figure 6-8) for 2025 and 2050 baseline 
biomass assessments show distribution of biomass according 
to supply and cost for the three major types of baseline 
biomass described in the text (excluding biogas CO2). For 
the near term (2025) baseline biomass, we find that the 
lowest price feedstocks are dominated by manure (shown 
at negative prices) and MSW. The majority of agricultural 
wastes are available at intermediate prices of $40–$60/dry 
tonne. The total baseline biomass available in the near term 
is 387 million dry tonnes per year. The mid-century (2050) 
baseline biomass potential cost curve shows the addition of 
107 million tonnes per year from western forest restoration 
biomass, for a total of 494 million dry tonnes per year.

Baseline Biomass Distribution in the  
United States
In Figure 6-6 above, we show the baseline biomass 
distribution across the United States from the combination 
of the three feedstock sources (agriculture, forestry, and 
MSW), with existing biogas-producing facilities shown as 
green points. Biogas facilities are located around major 
population centers. Biomass suitable for BiCRS is available 
in every state. High annual production regions include (but 
are not limited to) the Midwest and Great Lakes, central and 
northern California, the Pacific Northwest, and the Southeast. 
In Section 6.2, we will show the biomass distribution in each 
of 22 CO2-removal regions in the United States. 

Table 6-2. Summary of CO2 fraction of biogas produced in 
the US (current and projected).

Year

Wastewater and Existing 
Dairy Digesters  
(Tonnes C02/yr)

Landfill  
(Tonnes C02/yr)

2025 27 million 11 million

2050 31 million 7 million

  

Figure 6-8. Biomass supply curves representing the baseline 
(primarily wastes and residues) biomass supply and cost for 2025 
and 2050 that we use in subsequent sections to estimate carbon 
removal rate and cost with no carbon crops or land-use change. 
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Biomass Not Included in this Analysis
The above categories and subcategories do not represent all 
current or potential sources of biomass or biogenic carbon 
that could be used for BiCRS in the United States. Notably, 
we did not include some low-volume and challenging-to-
separate feedstocks, such as leather or textiles; nor did we 
include fats oils and greases (FOGs) that are in high demand 
for conventional refining toward liquid fuel production. We 
also did not include an assessment of potential for micro- or 
macroalgae production, due to uncertainties in supply, 
cost, and technological readiness of appropriate conversion 
technologies. 

6.2. 2050 Biomass Supply 
Potential with Additional  
Carbon Crops
BiCRS relies on biomass—and the associated lands on which it 
is grown—for the capture of atmospheric CO2. Understanding 
biomass supply, price, and land-use impacts in a biomass-
constrained future is central to understanding the role that 
BiCRS can play in carbon removal. Increasing biomass supply 
may provide higher levels of carbon removal, but impacts 
on other biomass uses, biodiversity, soil-carbon storage, and 
EEEJ must also be considered. In this section, we describe a 
new analysis of options to produce additional carbon crops 
in the United States. In Section 6.3 we describe how biomass 
described in Sections 6.1 and 6.2 can be used to create fuels 
and products and to durably store CO2. 

Carbon-Crop Supply Modeling Approach
In all carbon-crop approaches, we modeled biomass supply 
in a way that prioritizes biodiversity and carbon removal. 
To avoid creating carbon debt, we avoided lands with large 
existing carbon stocks. Thus, we excluded forests, wetlands, 
and soils with high carbon contents (such as Histosols). In 
order to avoid the potential negative biodiversity impacts of 
monocultures or non-native invasive species, we assessed 
only native perennial grasses (e.g., switchgrass) and trees 
(e.g., poplar, willow) for carbon-crop supply and assessed 
only native restored prairie on CRP lands and recognized 
biodiverse regions (e.g., the Flint Hills area in Kansas and 
Oklahoma). 

For our “zero cropland change” and “maximum potential” 
assessments, we compared to baseline agricultural practices 
to calculate the change in soil carbon and input emissions. 
We use national economic models to track land-use and 
commodity-price changes—with commodity-price change 
as an imperfect metric to identify potential risk of carbon 
leakage. While we did not analyze how to avoid leakage, 
in a hypothetical leakage scenario, price increases of corn, 
soy, and wheat could lead farmers to increase the planted 
area of these crops elsewhere in the world at the expense 
of carbon stocks in native vegetation. The exact magnitude 
of this hypothetical effect is subject to discussion among 
academics, policy makers, and stakeholders. By assessing the 
carbon-crop supply from lands that are not used for food and 
other commodities, we designed our “zero cropland change” 
assessment to minimize such leakage.

Three 2050 Biomass Supply Options
To understand the impacts and opportunities for BiCRS biomass supply in 2050, we describe three primary approaches to 
land use and biomass cultivation in this report: 

1) 2050 Baseline is based on mid-century biomass supply potential under conditions where there is neither new biomass 
demand nor a carbon price. Only wastes, residues and biomass associated with current land use is assumed and no carbon 
crops are included. The 2050 baseline biomass supply was described in Section 6.1. 

2) Zero Cropland Change in Section 6.2 adds carbon crop biomass to the 2050 Baseline biomass 
supply. The analysis evaluates potential supply of native perennial grasses planted on unused 
cropland and pastureland, including CRP, marginal and abandoned lands, and land that could 
become available from widespread vehicle electrification and the potential reduced demand 
for grain-based ethanol as a gasoline additive. 

3) Maximum Economic Potential in Section 6.2 represents an economically driven 
biomass supply with sustainability constraints, including maximum potential for agricultural 
residues, and carbon crops. This assessment aligns closely with the Billion Ton reports 
(2011, 2016, and in press). 
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Instead of simulating a biomass price, which could provide 
perverse incentives for management practices that increase 
productivity at the expense of greenhouse gas (GHG) 
emissions (excess nitrogen fertilizer or irrigation, for example), 
we simulate a “carbon price” that accounts for input 
emissions and soil-carbon change in addition to biomass 
harvested. Under the carbon price simulation, the price 
received by landowners is equal to the carbon value of the 
annual biomass production plus the estimated annual amount 
of carbon stored in soils. The soil-carbon storage calculation 
also accounts for N2O emissions from fertilizer application and 
is described in detail in Chapter 3. For reporting purposes, in 
this chapter we indicate prices in “per dry tonne of biomass” 
terms, but the equivalent value of carbon is also applied to 
soil-carbon changes. Biomass is 50% carbon, so biomass 
prices per dry tonne are 50% of the carbon price, or 183% of 
the CO2 price (when multiplied by the molecular weight); a 
price of $40/tonne CO2 is reported here in biomass terms as 
a price of $73/dry tonne. We did not assume a carbon market 
but did assume carbon will likely be roughly equally valued 
throughout the economy, either through a market or through 
policy enactment that incentivizes carbon reduction through 
payments (for example through the USDA Environmental 
Quality Incentive Program (EQIP)). 

To accomplish this analysis, we simulated increasing levels 
of carbon incentives in each of the defined scenarios in 
economic models to estimate the quantity and type of lands 
that grow biomass crops, the quantity of biomass that would 
be produced on these lands, and the price impacts upon 
competing crops of any land-use change. We then used the 
land-use changes to model resulting changes in soil carbon 
and to estimate the economic cost of transporting the 
biomass from fields to processing plants to determine the 
final production cost of unique feedstock to fuel pathways 
(Section 6.3).

The mature-market biomass resource assessment 
quantifies potential production of dedicated carbon crops 
for BiCRS. To consider soil-carbon changes and a range of 
production scenarios that may mitigate carbon leakage from 
biomass-crop production for BiCRS, we include estimates 
of biomass-crop production from (1) from CRP lands, (2) so-
called marginal lands and former cropland, (3) cropland made 
available because of reduced demand for corn grain ethanol 
due to electric vehicle (EV) adoption, and (4) market response 
on agricultural lands (Table 6-3). These four approaches are 
combined into two mature-market assessments for biomass 
crops: (1) zero cropland change and (2) maximum economic 
potential. Table 6-3 summarizes the modeling approaches for 
each mature-market assessment.

Restored Prairie: Carbon Crop Supply and 
Biodiversity
The conversion of abandoned cropland to restored prairie or another type of native plant community provides multiple 
ecosystem services not available from other feedstock plantings. First and foremost are services related to biodiversity 
– restoration of the native plant community provides new habitat for native taxa including insects and birds, now 
in steep decline across North America, and thereby contributes to national conservation targets and enhances the 
services provided by these taxa (e.g., Werling et al. 2014 [16]). Such services include pollination and the biocontrol of 
pests to benefit crops in the local landscape, wildlife amenities for recreation and public health, and the cultural value 
of their intrinsic worth. While restored prairie on infertile soil tends to produce less biomass than 
monocultures of switchgrass and other native grasses (e.g., Jayawardena et al., 2023 [17]), many 
landowners may prefer the more diverse assemblages of mixed grasses and forbs, which 
are also particularly well suited for areas of conservation concern such as the Flint Hills of 
eastern Kansas and Nebraska’s Sandhills region. Life cycle analyses show a negative carbon 
intensity (g CO2e MJ-1) for restored prairie that is even lower than that for purpose grown 
monocultures (e.g., Gelfand et al. 2020 [18]), though the lower productivity of restored 
prairie means that larger areas would need to be planted to achieve the same degree of 
climate mitigation.
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Table 6-3. Summary of carbon crop modeling lands and categories in Mature Market assessment. Restored prairie is  
modeled in Flint Hills (Kansas) and Sandhills (Nebraska) areas. 

Category Model Biomass Type Approach to Carbon Crop Assessment

Zero Cropland Change POLYSYS Restored prairie Conservation Reserve Program lands

Zero Cropland Change POLYSYS Switchgrass and  
restored prairie* Marginal and abandoned lands

Zero Cropland Change AgModel Switchgrass Reduced corn ethanol demand from EV

Maximum Economic Potential POLYSYS Switchgrass, poplar, and willow Market response on agricultural lands

 

The purpose of our analysis approach summarized in Table 
6-3 is to emphasize carbon accounting across the biomass 
supply chain and to consider how different carbon-crop 
production approaches affect the scale of the carbon-
removal opportunity for BiCRS. All the biomass crops used 
in our analysis are native to the United States (to avoid 
undue biodiversity impacts) and are, to a large degree, 
generic—switchgrass, for example, can be considered a 
good representative of native grasses in general and poplar 
and willow are good representatives of fast-growing woody 
species. Our exclusion of miscanthus results in minor 
differences in supplies from the 2016 Billion Ton Report [8], 
but switchgrass and miscanthus are modeled similarly, from a 
production perspective, as perennial biomass crops. 

Our results give insight into the impacts (carbon-removal 
potential, commodity-price impacts) of allowing or avoiding 
displacement of a subset of cropland for food production. 
All carbon-crop assessments avoid biomass production and 
prime cropland that is needed to meet projected demands 
for food, feed, fiber, and exports. The maximum-economic-
potential approach results in commodity-crop price increases 
as reported in the text. Though increases in commodity-crop 
prices can negatively impact consumers, they can also 
mitigate historic chronic overproduction and below-cost 
commodity prices, which, if left unchecked, can have negative 
consequences for farmers and food security internationally 
[32]. Readers can consider the range of biomass-production 
approaches within the context of potential future tolerance 
for commodity-crop price impacts.

Zero-Cropland-Change 
Assessment: Carbon-Crop Potential 
from Cultivation on Conservation 
Reserve Program (CRP) Lands, Marginal 
Lands, and Lands Spared Due to Vehicle 
Electrification

Zero Cropland-Change: Assessment of  
Conservation Reserve Program (CRP) Lands
We evaluated restored prairie as carbon-crop sources on 
CRP lands as part of our zero-cropland-change assessment. 
This conservative approach assumes no current agricultural 
lands are converted to bioenergy-crop production, avoiding 
any potential for carbon leakage while making 7.4 million 
ha of CRP lands available for carbon crop production. Lands 
enrolled in the CRP provide wildlife, water quality, erosion 
prevention, and carbon benefits to the nation. A potential 
approach following CRP regulation for forage harvest is to 
allow lands that remain enrolled in CRP to be harvested 
for biomass every year if a percentage of biomass is left for 
wildlife. Currently, CRP can be harvested every three years 
with a 25% reduction in payment from the Farm Service 
Agency. To explore this approach, we compared the land-use 
transition under a mature biomass market with and without 
a biomass-harvest option. The results provide insight into 
how much biomass production can occur on CRP lands and 
to what extent the policy could maintain enrollment in CRP 
and preserve environmental benefits. We assumed that 
conversion of CRP to biomass harvesting does not lead to 
a net change in soil-carbon sequestration because the land 
remains in perennial cover (see Appendix 6 for our economic-
modeling approach and more details on methodology)
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Results: Biomass Supply on Conservation  
Reserve Program (CRP) Lands
Our results indicate that up to 16.1 million dry tonnes of 
biomass can be harvested annually from CRP lands under a 
policy allowing biomass harvesting, and 10.9 million dry tons  
at a median reference price of $73/dry tonne (Figure 6-9).

In the status quo projection, about half of current CRP lands 
(3.8 million ha) return to conventional annual crops rather 
than renew (3.6 million ha re-enroll in CRP). Under the 
biomass-harvest policy and beginning at biomass prices over 
$73/dry tonne, more land is re-enrolled and harvested for 
biomass.

Figure 6-10. Conversion of current Conservation Research 
Program (CRP) lands under a policy allowing newly re-enrolled 
lands to harvest biomass as biomass prices increase. 

As biomass prices increase, less land is converted to 
annuals and more lands remain in perennial grasses and 
are harvested for biomass. At a reference price of $73/dry 
tonne, conversion to annual crops declines to 2.9 million ha, 
4.5 million re-enroll and remain in perennial mixed grasses 
to be harvested for 10.9 million dry tonnes of biomass, a 
1.0-million-ha increase in perennial cover over baseline. At 
the high price of $183/dry tonne, only 1.2 million ha convert 
to annual crops and 6.3 million ha remain in perennial 
cover where 16.1 million dry tonnes are harvested for 
biomass (Figure 6-10 and Table 6-4). In Chapter 3 – Soils, 
we describe the loss of soil carbon that will result from 
land returning to annual crops. Figure 6-11 shows the CRP 
lands that are used to grow mixed grasses for BiCRS in our 
zero-cropland-change assessment.

Figure 6-9. Supply curve of biomass from Conservation Reserve 
Program (CRP) lands under a policy of allowing perennial grass 
harvest.
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Table 6-4. Conversion of current CRP lands, perennial cover changes, and biomass production under policy allowing newly  
reenrolled lands to harvest biomass at increasing biomass prices by 2050.

Biomass Price
CRP to Annual 

Crops CRP to Pasture
CRP  

Re-enrolled

CRP to  
Established 

Grass Harvesting                          

Increase in 
Perennial Cover 
Over Baseline

Biomass  
Production

($/dry tonne) (Million ha) (Million dry 
tonnes)

$0 3.8 0.0 3.6 0.0 0.0 0.0

$37 3.6 0.0 3.9 3.9 0.3 8.8

$55 3.3 0.0 4.1 4.1 0.5 9.6

$73 2.9 0.0 4.5 4.5 1.0 10.9

$92 2.6 0.0 4.8 4.8 1.2 11.8

$110 2.2 0.0 5.2 5.2 1.6 13.0

$128 2.0 0.0 5.5 5.5 1.9 13.8

$147 1.8 0.0 5.7 5.7 2.1 14.4

$165 1.4 0.0 6.1 6.1 2.5 15.5

$183 1.2 0.0 6.3 6.3 2.7 16.1

*Established grasslands harvested are reenrolled

 

Figure 6-11. Map of Conservation Reserve Program (CRP)-restored prairie production density under a policy allowing biomass 
harvest (at $100/tonne biomass).
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Zero Cropland Change 
Carbon-Crop Supply Potential on Marginal 
and Abandoned Lands
We define marginal lands for the purposes of this analysis 
as lands that can sustain production of grasses but are 
unsuitable for food production due to soil limitations. 
Marginal-land locations include the National Land Cover 
Database (NLCD) classes of shrubland, herbaceous land cover, 
hay/pasture, and barren land and exclude lands used for food 
crops or biodiversity-conservation areas. We also excluded 
lands that have trees or soil-carbon stocks that could be lost 
upon conversion to biomass crops and thus create carbon 
debts. Because marginal land only includes areas where 
farming grasses is possible, we excluded sloped lands, arid 
lands, public-owned lands, and private protected areas. 

We used USDA land-capability classes to select land currently 
not used for food production and the Department of Energy 
(DOE) Great Lakes Bioenergy Research Center (GLBRC) Atlas 
of US Bioenergy Lands to further identify agricultural lands 
that have been abandoned since 1985 . We calculated the 
relative yield difference between marginal and arable lands 
at the county level, where the weighted National Commodity 
Crop Productivity Index (NCCPI) is estimated for county-level 
marginal and non-marginal lands. We then used the NCCPI 
estimates to differentiate and adjust crop yields from the 
reported county averages (see Appendix 6 for additional 
methods). With yields differentiated, we used the Policy 
Analysis System (POLYSYS) model to simulate biomass 
prices from $30–$100/dry tonne to construct supply curves 
of biomass and associated subcounty marginal land-use 
changes. The model will also calculate the indirect impact of 
biomass production on commodity prices. 

The marginal lands assessment assumes only marginal 
lands not currently used for agriculture will be available for 
biomass conversion and harvesting. The GLBRC’s Bioenergy 
Lands Atlas estimates that 33.2 million ha of non-forested 
agricultural lands are poorer quality marginal lands and an 
additional 10.5 million ha of previously farmed land is not 
currently used for agriculture. We investigated the potential 
for this land to convert to switchgrass biomass production 
given the estimated yields on these marginal lands and the 
regional costs of production at increasing market prices.

The results give insight into how much biomass production 
can occur on marginal lands. The use of marginal lands does 
not compete with agriculture commodities for land and 
thereby does not impact food production or commodity 
prices. We assume marginal lands in our analysis are already 
vegetated in perennial grasses and that planting perennial 
carbon crops (i.e., switchgrass) will not change soil-carbon 
stocks significantly relative to baseline conditions.

Results: Biomass Supply on Marginal and 
Abandoned Lands
Our results indicate that 98.5 million dry tonnes of biomass 
can be harvested annually from 22.9 million ha of marginal 
lands at a reference price of $73/dry tonne (Figure 6-12). 
Table 6-5 shows the land conversion and switchgrass yield 
according to a range of biomass prices. Production of biomass 
from marginal lands reaches a maximum of 129.4 million dry 
tonnes at prices over $180/dry tonne. At prices lower than 
$50/dry tonne, production of biomass is not economical. 
There are no commodity-price impacts in the marginal 
assessment because there is no land-use competition 
between biomass crops and commodity crops. Figure 6-13 
shows the geospatial distribution of biomass in our marginal-
lands assessment.

Figure 6-12. Supply curve of biomass from 
marginal lands.
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Table 6-5. Conversion of marginal lands to biomass harvesting and production at increasing biomass prices by 2050.

Biomass Price
Marginal Lands  

to Biomass
Atlas Lands  
to Biomass

All Marginal Lands  
to Biomass

Biomass  
Production

($/dry tonne) (Million ha) (Million dry tonnes)

$0 0.00 0.00 0.00 0.0

$37 0.00 0.00 0.00 0.0

$55 2.34 0.97 3.31 16.7

$73 15.38 7.50 22.89 98.5

$92 19.48 9.41 28.90 118.3

$110 20.75 9.61 30.36 120.8

$128 23.85 9.66 33.51 126.4

$147 25.79 9.68 35.46 129.0

$165 25.93 9.69 35.63 129.3

$183 26.05 9.70 35.75 129.4

 

Figure 6-13. Map of marginal-land biomass production available at less than $100/dry tonne.
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Zero-Cropland-Change: Carbon-Crop  
Supply on Lands Spared due to Vehicle  
Electrification 
Almost one-third of current US corn-grain production is used 
for ethanol. Given the likely electrification of the US vehicle 
fleet over the upcoming decades and a potential reduction in 
corn-ethanol demand, we assessed the possibility of growing 
switchgrass on cropland that would be taken out of production 
from grain and oilseed cultivation. In this scenario, farmers are 
also paid for the CO2 removal and subsequent storage in the 
soil given a positive carbon price. Using former corn-ethanol 
lands for biomass crops provides the greater climate benefit 
associated with cellulosic biofuels (including soil-carbon 
sequestration), with minimal impacts on commodity prices 
due to an acceleration of EV sales. We couple a road-
transportation model with an agricultural-outlook model to 
assess the area and production of switchgrass after simulating 
an increase in EVs to nearly 100% of light-duty vehicle (LDV) 
sales by 2050.[1] The agricultural model also includes the 
possibility of harvesting agricultural residues (i.e., corn stover 
and wheat straw). 

Specifically, we conducted the following two simulations:

• Baseline: We executed a baseline with status quo electri-
fication rates based on the 2020 Annual Energy Outlook 
(AEO) published by the US Energy Information Administra-
tion (EIA). We assumed that prices on biomass and carbon 
are zero, and thus neither agricultural residues nor switch-
grass are harvested or planted. 

• EV Assessment: We executed a scenario assuming a 
logistic growth of the EV sales share reaching close to 100% 
in 2050. In this scenario, corn stover, wheat straw, and 
switchgrass are harvested and assigned a biomass price of 
$73 per tonne and a carbon price of $40 per tonne of CO2 
equivalent (CO2e). Switchgrass is grown in the areas that 
are spared from production compared to the baseline. 

Previous research has implemented comparable scenarios 
at the global level [33-35] . The findings at the global level 
showed that corn exports increase in the case of falling 
ethanol demand due to lower prices and not due to an 
increase in growing world population. The decline in corn 
demand and price from electrification leads farmers to re-
allocate land away from corn toward other crops (i.e., barley, 
rice, soybeans, sorghum, and wheat in this scenario). Due to 
the increase in production of these crops, prices decline as 
well. Because farmers allocate land based on the profitability 
of crops relative to each other and because the profitability of 
all crops decreases, total crop area declines in this simulation. 
Given this decrease in crop area, a county-level agricultural 

production model allocates switchgrass on that spared 
cropland [36]. Table 6-6 shows that under an increasing 
biomass price, agricultural residues are supplied earlier than 
switchgrass due to lower production cost. Table 6-7 shows 
the land area allocated to corn, wheat, and switchgrass. In 
the description of the results, the focus is put on corn and 
soybeans because these crops are mostly affected by changes 
in the ethanol demand, but the crop-area results are the 
aggregate of all crops covered. 

Taking the 2020 AEO baseline vehicle electrification rates, 
long-term corn and soybeans prices are expected to decline 
by 47% and 48%, respectively, due to commodity yields 
increasing faster than demand, gains in fuel efficiency, 
and vehicle electrification. The long-term price decline for 
the other crops (i.e., barley, rice, sorghum, and wheat) is 
smaller, ranging from 17% to 42%. This range is in line with 
the February 2023 long-term projections by the USDA that 
indicate a decline of corn and soybean prices by 28% and 
29%, respectively, over the much shorter period until 2033. 
Although these changes are seemingly large, historical year-
to-year fluctuations for corn and soybeans have been ranging 
from -36% to 49%, which puts the long-term changes into 
perspective. 

Corn price is most significantly affected by an increase in EV 
sales to 100% in the LDV market by 2050 because ethanol 
demand would decline 74% by 2050. In this scenario, corn 
prices are 21% lower in 2050 compared to the baseline. 
Note that although close to 100% EV sales are simulated by 
2050, less than 100% of the vehicle stock would be electric 
and some internal combustion engine (ICE) vehicles would 
remain on the road due to the longevity of vehicles. Biomass 
and carbon prices combined with the possibility of harvesting 
agricultural residue leads to a smaller corn area decrease 
than in the baseline. The intuitive reason behind this finding 
is that the incentive to reduce corn area due to electrification 
would then be countered by the revenue opportunity from 
harvesting agricultural residues and obtaining incentives for 
CO2 removal with geologic storage. The area allocated to 
the six crops declines by 2.1 million ha and is land on which 
switchgrass would potentially be grown. The agricultural 
model includes the cost of growing switchgrass, and only 
in counties where it is profitable (i.e., leads to a positive 
profit) is switchgrass planted and harvested. In this scenario, 
a total of 24.0 million tonnes of biomass from switchgrass 
is harvested due to the rapid electrification. We show the 
geospatial distribution of lands that transition from corn 
production to switchgrass production due to electrification 
at a biomass price of $100/tonne or less in Figure 6-14. Note 
that 143.9 million tonnes of agricultural residues (i.e., corn 



December 2023 Chapter 6. Biomass Carbon Removal and Storage 6-21

Table 6-6. Biomass supply at various biomass prices for switchgrass growth on lands spared due to vehicle electrification.

BASELINE SUPPLY  
(Million dry tonnes)

ALL 2050 LDV SALES ELECTRIC SUPPLY  
(Million dry tonnes)

Biomass Price 
($/tonne)

Corn 
Stover

Wheat  
Straw Total

Corn 
Stover

Wheat 
Straw Switchgrass Total

37 1.2 6.5 7.7 1.0 6.4 0.6 8.1

55 1.2 13.6 14.8 1.1 13.5 11.5 26.1

73 134.0 16.9 150.9 127.1 16.8 24.0 167.9

92 136.4 17.2 153.6 129.7 17.1 23.6 170.4

110 137.3 17.4 154.7 131.0 17.3 23.4 171.7

128 138.1 17.5 155.7 132.2 17.4 23.0 172.6

147 138.9 17.6 156.6 133.3 17.5 22.2 173.1

165 139.7 17.7 157.5 134.4 17.6 21.7 173.7

183 140.5 17.8 158.3 135.4 17.7 20.9 174.0

Table 6-7. Area allocated in million hectares to corn, wheat, and switchgrass. The columns “corn stover” and “wheat 
straw”indicate the area harvested for biomass. The commodities modeled are barley, corn, rice, sorghum, soybeans, and wheat. 
LDV = Light-duty vehicle.

BASELINE SUPPLY  
(Million Hectares)

ALL 2050 LDV SALES ELECTRIC SUPPLY  
(Million Hectares)

Corn Wheat Corn Wheat Switchgrass

Biomass Price 
($/tonne)

Corn 
Stover Total

Wheat  
Straw Total

Corn  
Stover Total

Wheat
Straw Total

0 29.1 0.0 14.1 0.0 26.9 0.0 13.9 0.0

37 0.4 29.1 4.1 14.2 0.4 26.9 4.1 14.0 0.1

55 0.4 29.1 8.4 14.2 0.4 26.9 8.3 14.1 0.9

73 25.5 29.2 11.3 14.3 23.9 27.0 11.2 14.1 2.1

92 28.2 29.4 12.4 14.3 26.3 27.2 12.4 14.2 2.1

110 28.8 29.5 13.9 14.4 26.9 27.4 13.8 14.3 2.1

128 29.0 29.7 14.3 14.5 27.1 27.6 14.2 14.4 2.0

147 29.2 29.8 14.4 14.6 27.4 27.8 14.3 14.4 1.9

165 29.3 29.9 14.5 14.6 27.5 28.0 14.4 14.5 1.9

183 29.5 30.0 14.6 14.7 27.7 28.2 14.4 14.6 1.8
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stover and wheat straw) are harvested because agricultural 
residue production and harvesting is cheaper than switchgrass 
production.

The EV assessment illustrates two possible paths forward 
for US agriculture. The first is a status quo with baseline 
electrification rates and no prices on biomass and carbon. In 
this baseline path, profitability for farmers decreases due to 
production growth’s outpacing demand growth. The second 
scenario presents a path in which the US road transportation 
sector observes rapid growth of EVs by 2050 in addition to 
biomass and carbon prices. This analysis demonstrates the 
potential of biomass-feedstock production and soil-based 
CO2 removal with minimal impacts on commodity prices 
assuming that land transitions out of row-crop production and 
into switchgrass due to changing market demand. Soil-based 
CO2 potential from planting perennial carbon crops, such as 
switchgrass, are detailed in Chapter 3 – Soils. Distiller‘s dried 
grains with solubles (DDGS) are an important byproduct of 
ethanol production used for animal production. If ethanol 
decreases so will DDGS. But since ethanol decline does not 
change maize production proportionately, enough feed will still 

be available. At least five other aspects affecting  
agriculture warrant attention.

First, it is unclear what the effects of climate change will be 
on agricultural yields in the future. Increasing heat stress 
on plants can decrease yields, affecting supply to the point 
where the demand decline of ethanol is accompanied by 
a reduction in supply. This would potentially lead to an 
opposite effect of that described in the EV assessment 
because of upward pressure on crop prices. 

Second, the provision of ecosystem services and voluntary 
carbon markets will likely shape future agricultural 
production. Entities offering payments to farmers for soil-
based CO2 removal could be competing with governmental 
programs such as the USDA’s CRP. However, the USDA 
announced recently that the CO2 removal potential of land 
enrolled in the program will be more heavily weighted in the 
decision process. 

Third, the EV assesment assumes perfect foresight in terms 
of prices received for crops, biomass, and carbon; Dumortier 
2014 [36] have shown that under return uncertainty from 

Figure 6-14. Map of lands that convert to switchgrass due to decline in corn ethanol demand due to vehicle electrification at  
$100/dry tonne. 
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agricultural and/or bioenergy crop production, 
investment is delayed. That is, farmers will wait 
to gather more information about future price 
development before planting switchgrass due to 
the establishment cost and multi-year commitment 
period of switchgrass. In the economic literature, this 
delay is referred to as the real-option value. That is, 
farmers have an option to wait and delay investment 
into a new technology (i.e., switchgrass) to gather 
more information about price development. 

Fourth, the establishment of a new commodity on 
a large scale has other risks as well. For example, 
farmers may be unfamiliar with the timing and 
quantity of inputs and input management in general 
to achieve the highest yield. In the case presented 
here, switchgrass would likely not have an export 
market, and its value would be constrained to 
bioenergy and carbon storage. 

Last, but certainly not least, is the uncertainty 
regarding the future use of corn ethanol beyond its 
current production technology and use. Given the 
interest in sustainable aviation fuels (SAF) or the 
possible combination of corn-ethanol production 
with carbon capture and storage (yielding a low  
carbon fuel), corn ethanol demand may not be  
reduced significantly in the upcoming decades. 

Figure 6-15 shows the supply curve for the “zero-cropland-
change” 2050 biomass assessment. The blue, purple, and 
green bars represent biomass from the baseline assessment, 
and the yellow bars correspond to additional carbon crops 
grown on non-cropland. The carbon crops shown correspond 
to a total of 154 million additional tonnes of switchgrass 
annually at a price less than $100/tonne.

Maximum-Economic-Potential 
Assessment: Carbon Crop Potential 
from Market Response on  
Agricultural Lands
In the maximum-economic-potential assessment, we 
allowed biomass crops (e.g., switchgrass and willow) and 
crop residues (e.g., corn stover and wheat straw) to come 
into production on any cropland or pastureland where it is 
profitable to do so (see Appendix 6 for additional methods). 
Total agricultural lands considered included 123 million ha 
of cropland and 149 million ha of pastureland, of which 
30 million ha covert to biomass crops at a price of $73/dry 

tonne (Table 6-8). We applied environmental constraints 
for soil conservation and soil organic carbon to crop-residue 
harvesting as described in the Billion Ton Update (2011) 
[12]. We investigated the potential for land to convert to 
switchgrass biomass production given the estimated yields 
on agricultural lands and the regional costs of production at 
increasing market prices.

Our results reveal how much biomass-crop production 
might occur on all US lands. The use of all lands will directly 
compete for land use with traditional commodity uses. We 
account for this interaction and report the price impacts. 
The maximum-economic-potential assessment allows for the 
conversion of annual cropland to perennial biomass crops, 
which will have a positive effect on soil-based CO2 removal. 
The maximum-economic-potential-assessment pays an 
incentive to cropland to convert to perennial grasses at a 
price equating to the CO2 value of offered biomass prices. 
Rates of soil-carbon accumulation vary with climate and soil 
characteristics. We tracked the net soil-based CO2 removal 
and total soil-based climate benefit of land conversion, 
including N2O mitigation, as reported in Box 3-2 “Maximum 
Economic Potential” in Chapter 3 – Soils.

Figure 6-15. Supply curve for zero-cropland-change biomass. The total biomass 
available in the zero-cropland-change approach is 648 million tonnes.
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The maximum-economic-potential assessment aligns with 
the DOE 2016 Billion Ton Report [8], which estimates that 
~400–700 million tonnes per year of biomass crops can 
be produced in the conterminous United States if market 
demand is realized. Though land availability is a constraint to 
biomass-crop production, our analysis and the 2016 Billion 
Ton Report [8] suggest that, with agricultural intensification, 
this production is possible on about 9% of US cropland and 
pastureland, while meeting projected future demands for 
food, feed, fiber, and exports. Though some commodity-
crop price increases may be expected if biomass crops are 
produced at scale (see 2016 Billion Ton Report; Table C-9 and 
C-10), benefits of biomass-crop production include increased 
farm incomes, reduced government expenditures for farm-
support programs, reduced soil erosion, and improved water 
quality [11]. 

Maximum-Economic-Potential 
Assessment Results
Our results show that 515 million dry tonnes of biomass 
could be harvested annually from 30 million ha of crop and 
pasture lands and 29 million ha of cropland harvested for 
residues at a reference price of $73/dry tonne (Figure 6-16; 
Table 6-8 and 6-9.) At a price of $110/dry tonne, 688 million 
dry tonnes could be produced. Production of biomass from 
US agricultural lands reaches a maximum of 831 million dry 
tonnes of carbon crops at the highest price simulated ($183/
dry tonne).

Figure 6-16. Maximum-economic-potential biomass 
production. Supply curve of agricultural residues and carbon 
crops from all lands under the maximum-economic-potential 
assessment.

At the reference price of $73/dry tonne, 20.4 million ha 
of pastureland and 9.2 million ha of cropland transition to 
switchgrass and woody biomass crops. As biomass prices 
increase, land converting to biomass crops continues to 
expand, reaching nearly 32.9 million ha of pastureland and 
30 million ha of cropland at the highest simulated price of 
$183/dry tonne. Figure 6-17 shows the spatial distribution 
of carbon crops (poplar, switchgrass, and willow production 
combined) that result from economic modeling. The lands 
that contribute carbon crops in this assessment were 
concentrated in Texas, Oklahoma, and Kansas and were also 
distributed in the Southeast, upper Midwest, and Appalachia. 

Figure 6-17. Map of maximum-
economic-potential biomass 
production from switchgrass, 
willow, and poplar combined at 
$100/dry tonne. The county-level 
production of the three types of 
biomass are shown separately 
in Appendix 6. Note the higher 
production scale on this maximum-
economic-potential map than for 
the other carbon -crop assessments. 
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Table 6-8. Maximum-economic-potential assessment land conversion at increasing prices.

Biomass Price
Pasture to 

Switchgrass 
Pasture to 

Willow/Poplar
Cropland to 
Switchgrass 

Cropland to  
Willow/Poplar

Total Land to 
Biomass Crops

Total Cropland 
Harvested for 

Residues 

($/dry tonne) (Million ha)

$ – 0.0 0.0 0.0 0.0 0.0 0.0

$37 0.0 0.0 0.8 0.0 0.8 0.0

$55 9.1 0.5 5.1 0.1 14.8 22.3

$73 18.5 1.9 7.4 1.8 29.7 29.1

$92 20.8 4.8 9.5 4.0 39.1 31.5

$110 20.8 9.0 11.2 6.3 47.3 32.4

$128 18.7 12.2 11.9 8.9 51.8 33.8

$149 17.9 13.9 12.5 11.4 55.8 34.3

$165 17.6 15.0 13.2 13.7 59.6 34.2

$183 16.9 16.0 13.8 15.9 62.5 33.8

 
Table 6-9. Maximum-economic-potential assessment production of biomass by land type at increasing biomass prices.

Biomass Price
Biomass from  
Pastureland 

Biomass from  
Cropland 

Biomass from Residue 
Harvesting Total Biomass 

($/dry tonne) (Million dry tonnes)

$ – 0.0 0.0 0.0 0.0

$37 0.0 9.6 0.0 9.6

$55 142.9 48.0 144.9 335.7

$73 242.0 88.1 185.4 515.5

$92 266.2 139.1 204.7 610.0

$110 282.8 191.0 214.2 688.0

$128 286.5 227.4 226.4 740.2

$147 286.2 259.5 230.3 776.1

$165 285.2 288.0 230.6 803.8

$183 284.6 316.8 230.0 831.4
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Table 6-10. Impact of maximum-economic-potential on 
commodity prices, in percent change from baseline prices in 
2050.

Biomass Price % Change in Commodity Prices

($/dry tonne) Corn Wheat Soybean 

$ – 0.0% 0.0% 0.0%

$37 0.5% 1.2% 0.8%

$55 3.5% 5.9% 4.5%

$73 6.2% 11.5% 8.3%

$92 6.5% 17.4% 16.7%

$110 11.2% 23.3% 23.2%

$128 7.2% 29.8% 39.1%

$147 5.7% 39.1% 51.7%

$165 7.0% 40.9% 64.2%

$183 8.0% 47.0% 67.7%

Figure 6-18 shows the biomass supply curve for the entire 
maximum-economic-potential assessment, including forestry 
and MSW. Carbon crops in this assessment become available 
at biomass prices between $50 and $100/dry tonne. 

Allowing biomass to compete for land with other agricultural 
uses impacts commodity prices in the maximum-economic-
potential assessment (Table 6-10). As biomass prices increase 
and more land transitions to biomass crops, commodity-price 
impacts also increase. At a reference price of $73/dry tonne, 
prices increase by 6.2%, 11.5%, and 8.3% for corn, wheat, and 
soybeans, respectively. Corn-price increases are moderated 
at higher prices due to corn acreage staying steady from 
receiving residue-harvesting revenue. Soybean prices are 
most impacted by biomass competition with prices increasing 
by 68% above baseline in the highest priced simulation

Although commodity-crop price increases can negatively 
impact consumers, they can also mitigate historic chronic 
overproduction and below-cost commodity prices, both 
of which have negative consequences for farmers and 
international food security [32]. Readers can consider the 
range of biomass production approaches within the context 
of potential future tolerance for commodity crop price 
impacts.

Figure 6-18. Price Impacts. Supply curve 
for maximum-economic-potential biomass. 
Carbon crops are produced at prices between 
$50–$100/dry tonne; the total biomass potential 
is over 1 billion tonnes/year. 
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Opportunity for Cover Cropping to Produce 
BiCRS Feedstocks
Soil-based CO2 removal incentives could expand practices on croplands that may provide an additional source of biomass. 
Cover cropping, the planting of ryegrass or other species during a rotational period that would otherwise be left fallow, 
produces additional plant biomass that does not compete with food production and is not sold as a commodity crop. 
Cover crop biomass may provide an additional source of BiCRS biomass feedstock although the harvest of a portion of 
aboveground biomass would likely reduce the soil carbon benefit. We simulated the biogeochemical and economical 
potential for cover crop expansion in the United States (see Chapter 3) and found that cover cropping could expand 
to 3.6 to 22.1 million hectares of cropland for CO2 removal incentives of $40 and $100 per tonne 
CO2, respectively. We tracked the aboveground biomass of cover crop (ryegrass) in each county 
assuming 50% carbon content in ryegrass shoots. To maintain some soil carbon benefits, we 
assume aboveground biomass harvest is limited to 50%. Without accounting for a shift in 
economics due to payment for ryegrass biomass, the available biomass from ryegrass cover 
crop could contribute an additional 3.1 million dry tonnes per year, depending on CO2 price 
(Table 6-11), this would represent a lower limit for economically available biomass that 
could be harvested from cover cropping, without a biomass incentive. 

Summary of 2050 Biomass  
Potential Results and Regional 
Distribution
Our mid-century biomass-assessment results are summarized 
in Table 6-12. We find potential availability of nearly 500 
million tonnes of biomass without any change to land 
management in our baseline assessment for 2050. We 
identified the potential for over 140 million tonnes of 
additional biomass potential from growing switchgrass 
on non-cropland in the zero-cropland-change category. In 
alignment with the Billion Ton Report assessments, we find 

the potential for over 1 billion tons of biomass that could 
be available for BiCRS in our maximum-economic-potential 
category, where we did not apply constraints to limit carbon 
crops from current cropland. In the following section (6.3), 
of this chapter, we distribute this biomass to available 
conversion technologies to develop an understanding of how 
the biomass availability impacts CO2 removal and cost system 
wide. 

Because of the diverse geography, geology, climate, biomass, 
economies, and populations across the United States, we 
have divided the country into 22 regions to capture the 
pertinent carbon removal considerations that fit between 

Table 6-11. Annual production of ryegrass biomass due to cover cropping, assuming 50% of the crop could be harvested 
the rest remains as residue to the soil. Economic viability included only soil-based incentives without payments for  
ryegrass biomass.

Practice Soil-Based Incentive  
Equivalent Biomass 

Price 
Economically Viable  

Land Area 
Ryegrass Biomass 

Feedstock 

$USD/Tonne C02 USD/dry tonne Million Ha
Million dry tonnes  

per year

Cover crop 40 73 2.8 2.3

Cover crop 100 166 20.8 15.4
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Table 6-12. Summary of results for 3 major biomass assessment approaches for 2050. 

Mid Century Potential Biomass Availability (Million Dry Tonnes) at $100/Tonne

Biomass Type 2050 Baseline (1) Zero Cropland Change (2)
Maximum Economic  

Potential (3)

Wet Waste (Manure + Food) 37.4 37.4 37.4

Agriculture 172.3 172.3 214.2

Forestry 125.8 125.8 125.8

Western Forest Restoration 107.7 107.7 107.7

Municipal Solid Waste 51.4 51.4 51.4

Restored Prairie on CRP lands – 13.0 –

Switchgrass on marginal 
lands – 120.8 –

Switchgrass on lands spared 
due to electrification – 20.1 –

Maximum potential  
switchgrass – – 338.6 

Maximum potential willow – – 100.0

Maximum potential poplar – – 35.2

TOTAL 494.6 648.5 1,010.3

the county and country levels. A detailed description of our 
approach to assigning these regions and a synopsis of general 
CO2 removal considerations in each region across the removal 
categories can be found in Chapter 10. Figure 6-19 shows 
the total biomass production within each region according to 
our (a) zero-cropland-change and (b) maximum-economic-
potential assessments. The maps also show geologic-storage 
locations as shaded areas for context. We find that the 

regions where carbon crops are modeled to come into 
production in each of these two assessment approaches are 
similar, with South Central, Appalachia, Southeast, Upper 
and Lower Midwest, Lower Mississippi, and Texas regions 
providing the majority of carbon crops. We did not normalize 
the regional biomass supplies by area; therefore, smaller 
regions have lower production, as shown, but not necessarily 
lower production density.
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Figure 6-19a. U.S. carbon-removal regions with biomass potential according to zero-cropland-change assessment.
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Figure 6-19b. US carbon-removal regions with biomass potential according to maximum-economic-potential assessment.

6.3 BiCRS Conversion 
Technologies
BiCRS requires the union of land, biomass, biorefinery, 
co-product offtake, and CO2 storage to achieve CO2 removal 
from the atmosphere. Section 6.1 described 2025 and 2050 
biomass supply from wastes and residues, and Section 6.2 
described approaches to increasing biomass supply for 
BiCRS through production of dedicated carbon crops. This 
section (6.3) describes the remaining critical steps to produce 
energy products, biomaterials, and carbon-storage products 
to enable BiCRS. The goal of this section is to understand 
the scale, cost, and impact of BiCRS for CO2 removal in the 
United States by linking biomass supply to transportation and 
conversion infrastructure. We developed a computational-
optimization tool to assist in this understanding and applied 

constraints or varied the biomass feedstocks introduced to 
the model to answer specific questions. For example, we 
sought to understand how the approach to cultivation of 
carbon crops impacts carbon-removal capacity and cost, 
how BiCRS pathways can be used to meet US demand for 
hydrogen and SAF, and how the build-out of a CO2 trunk line 
can impact accessibility and cost of BiCRS in specific regions. 

Figure 6-20 shows the general biomass-conversion 
technologies, bioproducts, and sinks that we analyze 
in Section 6.3. In this section, we describe the specific 
biomass-conversion technologies we assumed in this report, 
as well as our assumptions about biomass suitability for these 
technologies. In addition, we describe potential biorefinery 
sizes and sites and connect this information to system-wide 
and regional BiCRS carbon-removal costs, products, and 
impacts. 
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Figure 6-20. Overview of BiCRS pathways analyzed in this report. Chapter sections 6.1 and 6.2 described our assessment of 
biocarbon sources, and Section 6.3 directs the appropriate biocarbon sources to conversion technologies to evaluate CO2-removal 
capacity and cost. MSW = municipal solid waste.

BiCRS Biorefineries: Selection and  
Description of Biomass Conversion  
Technologies 
BiCRS facilitates the conversion of biologically fixed CO2 into 
a wide range of different end products with varying degrees 
of durable CO2 removal. Since the primary goal of BiCRS is 
durable removal of CO2 from the atmosphere, in this section, 
we define CO2 as the primary BiCRS bioproduct and other 
additional value-added bioproducts as the co-products. BiCRS 
co-products can be classified as bioenergy, biochemicals, 
and biomaterials and can contribute to carbon removal 
by various mechanisms. For this study, we selected seven 
BiCRS technologies, which can produce seventeen distinct 

co-products categorized as bioenergy, biochemicals, and 
biomaterials (shown in Figure 6-21 ). The technologies are 
classified as thermochemical, biological , and mechanical 
and include gasification, combustion, fermentation, pyrolysis, 
sawmill, anaerobic digestion (AD), and hydrothermal 
liquefaction (HTL). All BiCRS technologies selected for analysis 
are of TRL 7+ and have been demonstrated at relevant 
scale and under realistic conditions to enable quantitative 
comparisons. We also only included BiCRS practices that are 
supported by extensive literature on 100-year carbon removal 
durability. We did not include any assumptions about cost 
reduction due to learning. 
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Figure 6-21. BiCRS pathways assessed, including the conversion technologies and bioproducts. Bioproducts that store carbon and 
contribute to 100-year carbon removal are outlined. 
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BiCRS Technology Classifications 
We categorize the BiCRS biomass conversion technologies as 
thermochemical, biological, or mechanical: thermochemical 
technologies rely on heat and/or inorganic catalysts, biological 
technologies use micro-organisms and/or enzymes, and 
mechanical technologies use physical forces to reconfigure 
biomass into bioproducts. Thermochemical technologies are 
advantageous due to their ability to rapidly process a variety 
of feedstocks into various products but require complex 
operations under harsh conditions. Biological technologies 
are advantageous due to their mild process conditions and 
high value products but are limited to a relatively small set 
of feedstocks and require lengthy process times. Mechanical 
technologies are advantageous due to their simplicity and 
low-risk but are limited to a relatively small set of feedstocks 
and low-value products. 

Thermochemical BiCRS  
Technologies

Gasification 
Gasification is a mature thermochemical process that can 
convert any carbon-based material into various fuel products; 
it was first used in the 1800s with coal and later natural gas 
[37]. While smaller proof-of-concept projects have been 
shown, full-scale biomass gasification projects are yet to be 
demonstrated. The largest biomass gasification biorefinery in 
the world is in Finland and only processes about 526 metric 
tons per day of forestry biomass [38]. Despite being mature 
and efficient for coal, biomass gasification’s complexity 
leads to higher costs [39], resulting in much smaller-scale 
biorefineries compared to coal/natural gas gasification. 
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Gasification involves breaking down biomass at high 
temperatures (700–1200 °C) and pressures (3–30 bar) into 
syngas, which is primarily composed of carbon monoxide, 
hydrogen, CO2, and a small amount of CH4. Syngas can then 
be converted into various products via different downstream 
processes, as shown in Figure 6-22. As an endothermic 
process, gasification requires heat. Heat required for 
gasification processes can either be provided directly from 
partial oxidation inside the gasifier (via an oxidizing agent 
such as oxygen, steam, or air) or indirectly from combusting 
char, syngas, or biomass in a separate reactor and then 
transferring heat via heat carriers. Char from gasification is 
typically combusted for process heat and is not considered 
an option for carbon storage and removal mainly due to 
its properties, which are strongly influenced by the type of 
thermochemical technology. Char produced via gasification 
has a high ash content and heavy metals, which is unsuitable 
for soil amendment and, therefore, cannot facilitate carbon 
removal. Thus, this analysis does not consider treating char 
as a co-product or carbon-removal agent. Gasification is 
preferably used to process low-moisture feedstock (<20% 

moisture content) over high-moisture feedstock to minimize 
the energy needed for biomass drying and to maximize 
thermal efficiency. Our analysis assumes an oxygen-blown 
gasification reaction (see Figure 6-22 ), based on models from 
Larson et al. (2009) [40], with a basis of 2000 metric tons 
per day of biomass input. For full process description and 
modeling assumptions for each product, see Appendix 6. 

Gasification stands out among technologies with its high 
CO2-removal potential. For all fuel products except hydrogen, 
26%–36% of carbon in biomass is converted into fuels, while 
the remaining 64%–74% can potentially be captured and 
stored (after recycling and combustion for process heat and 
electricity). Hydrogen offers the highest carbon-removal 
potential (ranging from 1.50–1.85 tonnes of CO2/tonnes of 
biomass), as 100% of carbon in biomass can be theoretically 
captured and stored, given that the produced fuel (hydrogen) 
is carbon-free. Gasification is a capital-intensive process; the 
gasifier alone can contribute to 25% of the capital cost. Larger 
biorefinery sizes can take advantage of economies of scale, 
which could have a 32%–44% reduction effect on capital 
costs. 
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Figure 6-22. Simplified block flow diagram of gasification to various products with carbon capture and storage. Three gasification 
pathways are included in this diagram: gasification to liquid fuels, gasification to H2, gasification to renewable natural gas (RNG). 
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Pyrolysis 
Similar to gasification, pyrolysis is also a thermochemical 
process that converts biomass into various energy products. 
Pyrolysis was reconsidered as a technology to reduce fossil-oil 
dependence during the oil crisis and was commercialized 
during the 1970–1980s [41]. Since then, there have been 
several commercialized pyrolysis biorefineries globally ranging 
from 84–500 tonnes of biomass throughput per day, where 
most are using woody biomass as feedstock and producing 
bio-oil to be upgraded to transportation fuels [42-44]. Most 
pyrolysis companies focus on smaller or modular systems to 
better scale with farm sizes. 

Pyrolysis is carried out at moderate operating temperatures 
(300–600 °C) and atmospheric pressures in the absence of 
oxygen. It offers a lower capital cost than gasification due 
to its moderate operating conditions. Pyrolysis breaks down 
biomass and produces products in three phases—gas, liquids, 
and solids. There are mainly two types of pyrolysis—slow 
and fast. They differ in operating temperature, heating 
rates, and residence time and therefore result in different 
distribution of the three phase products. Fast pyrolysis 
operates at higher temperatures and rapidly quenches 

pyrolysis vapors, maximizing bio-oil yields. The resulting 
bio-oil can be converted into various end products, such as H2 
or transportation fuels, or it can be blended with petroleum-
derived asphalt to create bio-asphalt [45]. In our analysis, we 
focused on fast pyrolysis for all pathways due to the potential 
to upgrade bio-oil into multiple valuable end products. The 
modeled fast pyrolysis process is based on previous work 
at the National Renewable Energy Laboratory (NREL) [46], 
assuming 2000 metric tons per day of biomass throughput. 
For full process description and modeling assumptions for 
each product, see Appendix 6. 

Fast pyrolysis, like gasification, favors low-moisture feedstock 
(<20% moisture content) to minimize heat demand and 
thus maximize thermal efficiency [47]. Bio-oil, as the main 
product of fast pyrolysis (typically 60–70 wt% of biomass), 
can be further upgraded into various products (see Figure 
6-23 ). Bio-oil can be upgraded into liquid fuels (e.g., gasoline 
and diesel) via hydrotreating to produce either hydrogen via 
steam reforming or bioasphalt, assuming direct blending of 
bio-oil into fossil asphalt at a 10% rate [48]. Fast pyrolysis 
also produces by-products like non-condensable gases and 
biochar. The gases are typically combusted for process heat 
and power with CO2 capture. Biochar is a porous carbon-
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rich product (typically 12-25% of total biomass’ carbon 
depending on feedstock type). In our analysis, biochar serves 
two purposes: providing process heat and energy through 
combustion or facilitating carbon removal when sequestered 
in soil. We assume that 80% of biochar carbon can be stored 
for over 100 years, while 77% of bio-oil carbon can persist as 
asphalt for over 100 years [49, 50]. The overall carbon-
removal potential of pyrolysis depends on the product. When 
liquid fuels are produced, 33% of the carbon in biomass is 
converted to fuels and the remaining 67% can potentially be 
captured and stored. Similar to gasification, when hydrogen 
is produced, all carbon in the biomass can theoretically be 
captured as the fuel produced does not contain any carbon. 
When products like biochar and bioasphalt are produced, we 
assume 57%–74% of carbon in the biomass can be captured 
and durably stored in these products. This results in varying 
carbon-removal potential from 0.58 to 1.14 tonnes of CO2/
tonnes of biomass, depending on the final product. 

Combustion 
Combustion of biomass for generating high-quality heat 
is an established technology that can process a variety of 
different biomass feedstocks. The chemistry involved in 
biomass combustion is simple and low risk. However, the 
main products generated from biomass combustion—steam 
and electricity—are relatively low value and must compete 
with emerging low-carbon energy technologies, such as 
photovoltaics, wind turbines, and heat pumps. Nonetheless, 
combustion of biomass to produce bioenergy with carbon 
capture and storage has an important role to play in 
decarbonization due to its high carbon-removal potential 
[51, 52]. Conventionally, it has been demonstrated on a 
commercial scale to be economically viable under certain 
circumstances [53]. Herein, we model a conventional biomass 
combustion to electricity with carbon capture and storage 

process comprising several unit operations: biomass feed 
handling and conditioning, combustor, boiler, turbogenerator, 
and CO2 capture, drying, and compression, as shown in Figure 
6-24 . For full process description and modeling assumptions, 
see Appendix 6. The gate-to-gate carbon removal efficiency 
of the combustion BiCRS pathways is estimated as 1.628 
tonnes CO2/tonne biomass , which is 90% of the theoretical 
removal efficiency, for both near- and long-term assessments. 
We modeled only greenfield combustion biorefineries given 
the relatively small number of existing biomass-to-electricity 
combustion facilities in the United States. 

Hydrothermal liquefaction (HTL)
HTL is a thermochemical process that converts biomass 
into liquid fuels at moderate temperatures (250–375 °C) 
and operating pressures of 4–22 MPa [54]. It differs from 
gasification and pyrolysis as it can efficiently convert higher 
moisture biomass, like manure and food waste , into biocrude 
without the need for biomass drying. The process we 
analyzed in this report recycles the aqueous liquid product 
streams to AD and steam reforming, generating the hydrogen 
needed for biocrude upgrading via hydrotreating. Around 
53% of the carbon in biomass is converted into fuels, with 
an additional 31% of the carbon in off-gas streams being 
captured and stored. However, due to low concentrations 
and small volumes, a small portion of carbon (less than 
16%) remains vented, posing challenges and costs for 
capture and storage. In a zero-emission grid future in 2050, 
HTL has the potential to remove 0.49–0.62 tonnes CO2/
tonne biomass. The HTL process modeled in this analysis, 
as shown in Figure 6-25 , is based on recent work at the 
Pacific Northwest National Laboratory (PNNL) [55]. The 
process is based on a 110 dry tons of sludge per day HTL 
biorefinery and a biocrude-upgrading facility that processes 
38 million gallons of biocrude per year, fed from multiple 

Figure 6-24. Simplified block flow diagram of biomass combustion to produce electricity with carbon capture and storage.
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HTL biorefineries. For full process description and modeling 
assumptions, see Appendix 6. In this analysis, we scale 
HTL facilities based on the wet-waste source capacity, with 
a minimum biomass throughput of 100 dry tons per day 
required to ensure economic competitiveness [55]. Despite 
its promise for sustainable fuel production from wet biomass, 
HTL biorefineries are not yet commercialized due to high 
equipment costs, elevated energy expenses, 
and the challenges of transporting wet 
feedstock over large distances [56]. 

Biological BiCRS 
Technologies 
Fermentation 
Fermentation of biomass into valued 
biochemicals, biofuels, and biomaterials is 
a robust industry in the United States. The 
fermentation of corn starch into ethanol fuel 
generates ~45 million tonnes of high-purity 
biogenic CO2 per year, thereby offering the 
potential for significant carbon-intensity 
reduction of ethanol fuel when CO2 capture 
and sequestration is incorporated [57]. 
Carbon-negative fermentation technologies 
typically require biomass feedstocks that 
are less resource intensive than corn starch, 
such as agricultural residues and other 
lignocellulosic biomass materials [26]. 
We modeled the fermentation of clean 
lignocellulosic residues and carbon crops into 
five main products: renewable diesel, ethanol, 
jet fuel, polyethylene, and CO2 (Figure 6-26). 
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Figure 6-25. Simplified block flow diagram of hydrothermal liquefaction (HTL) to liquid fuels with carbon capture and storage. 

Additional co-products include adipic acid and sodium sulfate. 
Fermentation of lignocellulosic biomass has been proven to 
be technically viable at industrial scales, although economic 
viability has been challenging to sustain. Several major 
industrial projects for the fermentation of lignocellulose into 

Figure 6-26. Simplified block flow diagram of fermentation to various 
products with carbon capture and storage. The diagram illustrates four main 
fermentation bioproducts: renewable diesel, ethanol, sustainable aviation 
fuels, and polyethylene. Lignin is utilized either in on-site energy generation 
through combustion or upgraded to adipic acid, alongside the four fermentation 
bioproducts. 
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ethanol failed in the United States between 2010 and 2015, 
which created a sense of pessimism around the industry [58]. 
However, now there is renewed interest in lignocellulosic 
fermentation due to the ability to make products of higher 
value than fuels, such as polyethylene and adipic acid, and 
to the additional revenue possible from capturing CO2 [59]. 
Ethanol fermentation, along with other types of anaerobic 
fermentation, produce clean gaseous byproduct streams of 
CO2 purity exceeding 90 vol%, thereby making them ideal 
candidates for low-cost CO2 capture. However, the capital and 
operating costs associated with fermentation biorefineries are 
high, which present challenges to greenfield carbon-negative 
fermentation biorefineries. 

The two fermentation platform technologies used in this 
study both involve the deacetylation and enzyme hydrolysis 
pretreatment but differ in their treatment of lignin. The 
platform without adipic-acid production utilizes all lignin 
for heat and power production with CO2 capture and 
sequestration. The platform with adipic-acid production 
utilizes a fraction of the lignin for heat and power production 
with CO2 capture and sequestration. We modeled four 
bioproducts via the two fermentation platforms, giving a total 
of eight fermentation pathways as shown in Figure 6-26. 
For each of the four bioproducts, namely renewable diesel, 
ethanol, jet fuel, and polyethene, we developed models both 
with and without adipic-acid synthesis. The carbon-removal 
potential for fermentation to the four bioproducts ranges 
from 0.81 to 1.33 tonnes CO2/tonne biomass. We describe 
our analysis methods for each of the four bioproducts and 
their associated carbon conversion efficiencies in Appendix 6.

Anaerobic Digestion (AD)
AD for producing RNG is a rapidly growing industry in 
the United States due to the ability to produce a drop-in 
replacement for natural gas while avoiding methane 
emissions from the degradation of high-moisture biomass 
feedstocks, including manure and MSW. RNG production for 
CO2 removal is challenging due to the relatively small amount 
of carbon removed per unit biomass feedstock. AD converts 

biomass into three products: methane, CO2, and digestate, of 
which we assumed only captured CO2 (with geologic storage) 
can contribute to removal. All carbon in the digestate and 
RNG is assumed to be released back into the atmosphere as 
CO2 in less than 100 years and thus does not contribute to 
removal. In this study, we modeled the conversion of manure 
and food waste to RNG via the following operations: feed 
handling, AD, biogas upgrading into RNG, RNG compression, 
and CO2 drying and compression, as shown in Figure 6-27. 

The biogas yields from AD vary considerably with feedstock 
type, with dairy manure and food waste providing the 
lowest and highest biogas yields, respectively [60-62]. We 
established a minimum biogas flow of 10,000 tonnes-biogas 
per year as a requirement and thus assessed only relatively 
large AD facilities. We assessed techno-economic parameters 
for AD, biogas upgrading, and methane injection using 
published literature for guidance [63-65]. Biogas is composed 
of 60 vol% methane and 40 vol% CO2, and we assumed 
electricity for biogas production and upgrading to have an 
energy value of 0.34 kWh/Nm3-CH4 [63, 66]. We assumed 
that the resulting RNG is sold for pipeline injection. The 
CH4 generated during biogas upgrading is of high enough 
purity to be ready for sale after drying and compression. The 
gate-to-gate carbon removal efficiency of the AD pathway 
varies with feedstock, from 0.039 tonnes of CO2 per tonne 
biomass for AD of manure to 0.395 tonnes of CO2 per tonne 
of biomass for AD of food waste using 2050 grid assumptions 
(see Appendix 6,Table A6-6 and A6-7 for detailed summary 
tables). The lower removal efficiency for the pathway 
with dairy/beef manure is due to the low net amounts of 
CO2 generated per tonne of biomass (see Appendix 6 for 
methods used to quantify costs of CO2 capture, drying, and 
compression).

We also assessed the techno-economics of removing carbon 
via existing biogas emissions from landfills and wastewater-
treatment plants (WWTPs). We established a minimum biogas 
flow of 10,000 tonnes-biogas per year as a requirement and 
thus only considered relatively large landfills and WWTPs in 
this study. We included biogas upgrading, RNG compression, 

Figure 6-27. Simplified block flow diagram of anaerobic digestion (AD) to produce renewable natural gas (RNG) with carbon 
storage.
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and CO2 drying and compression in the biogas pathway, 
as shown in Figure 6-28. We assumed landfill biogas to be 
60 vol% methane and 40 vol% CO2, whereas we assumed 
WWTP biogas to be 65 vol% methane and 35 vol% CO2. The 
carbon removal for landfills includes the CO2 captured from 
biogas upgrading and the residual carbon in the biomass 
that does not biologically degrade into biogas. The carbon 
removal for WWTPs includes only the CO2 captured from 
biogas upgrading since the residual carbon in the digestate 
is assumed to oxidize into CO2 in less than 100 years. The 
gate-to-gate carbon-removal efficiency of the existing 
biogas-source pathway varies with feedstock, from 0.3 tonnes 
of CO2 per tonne of biogas for the WWTP pathway to 1.2 
tonnes of CO2 per tonne of biomass for the landfill biogas 
pathway using 2050 grid assumptions. The lower removal 
efficiency for the WWTP pathway is due to the small amounts 
of CO2 captured per tonne biomass and the degradation of all 
non-digested carbon into CO2 at end-of-life (<100 years); we 
provide more discussion on this topic in the results section. 
(see Appendix 6 for methods used to quantify costs of CO2 
capture, drying, and compression).

Figure 6-28. Simplified block flow diagram of biogas capture 
and storage on existing landfill and wastewater-treatment 
plants (WWTPs). 

Figure 6-29. Simplified block flow 
diagram of sawmill to lumber with 
carbon capture and storage. 
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Mechanical BiCRS Technologies 
Sawmill 
Sawmills involve mechanical operations to shape and 
configure biomass resources, mostly forestry biomass, into 
various structural bioproducts. In this study, we focus on the 
production of low-value, small-dimensional lumber from 
sustainably sourced forestry biomass (class 2 small-diameter 
trees). We model a sawmill with the following operations: 
feed handling, debarking, sawing, combustion for heat and 
power, and CO2 capture, drying, and compression, and shown 
in Figure 6-29. 

We assume 47% of initial biomass feedstock is converted 
to small-dimensional lumber and the remaining material is 
used to produce electricity [67]. The energy demand for the 
process is 482 kWh/dry ton of feedstock [67]. The process 
model for sawmilling includes end-of-life handling of the 
small-dimensional lumber, where it is assumed 16% and 17% 
of the lumber is incinerated and recycled, respectively [68]. 
We assumed that recycling consumes 72% less energy than 
virgin biomass processing [69]. The remaining 67% of the 
lumber is assumed to store 50% of its carbon for 100 years 
[70] (this is consistent with the whole-tree carbon-removal 
efficiency provided by the Forest Vegetation Simulator in the 
Forestry Section ). We estimated capital costs for the sawmill 
process from literature [71]. We modeled the biomass 
combustion facility with guidance from NREL’s published 
reports [72]; see section on biomass combustion for more 
details. In this model, all heat and power demands are met by 
the combustion facility, and excess power is sold to the grid as 
a co-product. The gate-to-gate carbon-removal efficiency of 
the sawmill BiCRS pathways is 1.325 tonne of CO2 per tonne 
of biomass, or 71% of the theoretical removal efficiency.
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Emerging BICRS Pathways
While the BiCRS pathways included in this chapter detail high-value and high TRL pathways, such as production of liquid 
fuels and biochemicals, another suite of BiCRS pathways had insufficient maturity for a rigorous TEA or simply focus on 
durable utilization and/or storage of a carbon product. A central thesis for these approaches is that natural biogenic 
carbon re-emission can be avoided by addressing the underlying causes of decay, including microbes, 
invertebrates, photochemical degradation, and fire. 

The following emerging BiCRS technologies have the potential for meaningful carbon 
removal, in some cases as low-cost options in the near term, while more valuable utilization 
approaches evolve and achieve scale: steel manufacturing, mass timber, pyrolysis with 
bio-oil injection, biochar-reinforced concrete, wood burial, composting with CO2 capture, 
macroalgae sinking, bioenergy-driven DAC with storage (DACS), and biochar and bioasphalt. 
We provide a short overview of each of these pathways in the following section.

at 18 stories [79]. A standard multi-story office building using 
mass timber in place of steel and concrete has the potential 
to store ~2000 tonnes of CO2 [80]. The timescale of CO2 
storage via mass timber varies, but >100 years is achievable 
if the building is maintained well during use and handled 
appropriately at end-of-life. As with other biomass-based 
approaches, special attention should be paid to sustainable 
feedstock sourcing and effects on nutrient cycling.

Pyrolysis with Bio-oil Injection
Bio-oil produced from pyrolysis of biomass has typically been 
used directly or indirectly for energy production. A promising 
use of bio-oil for carbon removal is via geologic injection [81]. 
Biochar has traditionally been viewed as the primary means 
to remove carbon via pyrolysis, but its potential is limited 
by land area and reversal of carbon removal upon biochar 
degradation [57]. Bio-oil injection is similar to CO2 injection 
in that the carbon is stored in geologic sites, although the 
durability of storing bio-oil is currently more uncertain than 
CO2 [81]. Bio-oil injection does not create value other than 
carbon removal. Traditionally, the value of chemicals and 
fuels that can be made from bio-oil have been greater than 
the value of removing carbon due to their ability to displace 
fossil-carbon products. However, the value of carbon removal 
is dynamic and heterogeneous. A major advantage of bio-oil 
injection is the ability to generate bio-oil onsite, local to the 
biomass resource, with subsequent transportation of the bio-
oil to a centralized injection well. The transportation of bio-oil 
has the potential to be more cost effective than biomass 
given its higher carbon density. In addition, transporting bio-
oil requires less costly infrastructure than transporting CO2. 

Steel Manufacturing 
The iron and steel industry contributes 7% of CO2 emissions 
from energy and industrial processes globally [73]. High 
TRL, low-carbon energy technologies, such as photovoltaics 
and wind turbines, are not effective at fully decarbonizing 
steel manufacturing, particularly virgin steel. Virgin-steel 
production requires fossil carbon–derived coke material 
for reduction of iron oxide in the blast furnace to produce 
metallic iron and copious amounts of CO2. Recent studies 
have illuminated the potential for carbon-negative steel 
production using pyrolysis-derived biocoke in the blast 
furnace [74, 75]. The majority of carbon removed via biocoke 
is from the capture of gaseous biogenic CO2 emitted from the 
blast furnace, but a meaningful amount of biogenic carbon is 
also stored in the steel product; carbon constitutes 0.2–2.0 
wt% of steel.

Mass Timber
In the United States, the timber industry draws down more 
than 100 million- tonnes of CO2 from the atmosphere each 
year in the form of wood products [76]. Most timber is 
used in residential construction, where a new home has the 
potential to remove ~18 tonnes of CO2 in the form of wood 
products [76]. Mass timber is an emerging type of wood 
product that can be used in place of steel in large buildings, 
including multi-story office buildings. Cross-laminated timber, 
glulam, parallel-strand lumber, and mass plywood panels are 
a few examples of engineered wood products with substantial 
potential for carbon removal [57, 77]. Current examples of 
mass timber buildings include a 10-story corporate office 
building [78], and the world’s tallest timber building standing 
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X 
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Biochar-Reinforced Concrete
Removing atmospheric carbon by incorporating biochar 
into cement as aggregate or as a curing agent is gaining 
considerable attention due to its potential for high impact 
[82]; global production of cement and concrete constitutes 
6% of total industrial and energy-related CO2 emissions [73]. 
Adding biochar into concrete mix has been shown to increase 
compressive strength while not diminishing other properties 
[82, 83]. Similar to incorporating biogenic carbon in steel, 
the specific mass of biochar incorporated into concrete is 
relatively small (~1% of concrete), but the potential for impact 
is large given the massive quantities of concrete that are 
produced globally each year. 

Wood Burial
Wood burial involves the sustainable harvest and storage of 
wood in dry or anoxic underground environments [84]. The 
recalcitrance of lignocellulose coupled with low moisture 
and oxygen content are assumed to prevent microbial 
degradation of the woody materials. The estimated durability 
of the carbon storage is >100 years, and is based on the 
existing academic literature on landfill design for many 
forms of waste. There is uncertainty as to how wood storage 
approaches will vary across biomass compositions, sites, and 
climates [84]. In addition, wood burial conflicts with several 
principles of circularity, including keeping (bio)materials in 
use and providing economic benefits. Wood burial does 
not provide any value other than carbon removal unless, 
for example, carbon financing enables additional forest 
restoration treatments (e.g., western U.S. forests at high 
risk of severe wildfire). In addition, careful accounting of 
carbon and nutrient turnover as well as sustainable feedstock 
sourcing guidelines are essential safeguards to the scaling 
of this nascent idea. Straightforward carbon accounting and 
potential for large scale and low cost removal make wood 
burial a promising method for carbon removal at sites with 
low access to geologic storage or biorefineries, or in near-
term scenarios where no current cost-effective utilizations are 
available.

Composting with CO2 Capture
Composting is an established industrial bioprocessing 
technology that converts food waste and other types of urban 
waste into a nutrient- and carbon-rich soil amendment [85]. 
Significant quantities of biogenic CO2 are emitted during 
the composting process via microbial respiration [85-87]. 
Capturing CO2 during this bioprocess has the potential to 
make composting carbon-negative, even if the carbon in 
the compost product itself does not contribute to removal. 
Relative to AD, composting has several advantages including 

lower capital costs, more stable bioprocessing, lower energy 
demand and potential for heat recovery, and elimination of 
pathogens and weed seeds [85, 86, 88, 89]. In addition, the 
US EPA views composting as a higher value use of biomass 
waste than bioenergy production [90]. There have been 
no reported studies of composting with CO2 capture, and 
therefore insufficient data are available to properly assess 
composting as a BiCRS pathway in this study. 

Macroalgae Sinking
The growth and subsequent sinking of macroalgae, or 
seaweed, is an emerging method of carbon removal due its 
simplicity and potential large-scale impact [91, 92]. Unlike 
terrestrial biomass, macroalgae grown in the ocean is not 
limited by land area and does not require intensive fertilizer 
application due to the natural abundance of nutrients in 
coastal waters. Carbon removal is possible if the macroalgae 
are grown near the surface of ocean where sunlight is 
available and then intentionally sunk to the bottom of the 
ocean where low temperatures, minimal mixing, and anoxic 
conditions prevent decomposition [92]. Substantial side 
effects are possible when macroalgae are grown at large scale 
in open ocean systems, including reducing phytoplankton net 
primary productivity due to competition for nutrients and 
sunlight. In addition, the potential for nutrient export from 
surface waters to the deep ocean could lead to reorganization 
of food webs [92]. 

Bioenergy-Driven Direct Air Capture (DAC) 
DAC has incredible potential to remove significant quantities 
of CO2 from the atmosphere, but a major limitation is the 
availability of clean, low-cost energy. DAC ia an energy-
intensive pathway for carbon removal, which is why areas 
with abundant low-carbon energy are being identified as 
near-term regions for deployment. The use of biomass-
derived energy to drive DAC has the potential for synergistic 
co-benefits if the biogenic CO2 is captured along with the 
air-derived CO2 [93]. Liquid-solvent DAC technologies that 
require high-quality thermal energy are particularly amenable 
to using direct-fired biomass kilns or furnaces [93]. Biomass 
is the only low-carbon energy source that can provide high-
temperature heat (>500 °C) at low cost while also enhancing 
the net carbon removed [93]. 

Biochar and Bioasphalt
Bioasphalt and biochar are two emerging biorefinery 
products with carbon-removal potential; these products 
were only included in our analysis in a limited capacity due 
to uncertainties around asphalt blend rates and durability of 
carbon storage in the product. The markets with the largest 
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carbon-removal potential are construction for bioasphalt 
and agriculture for biochar. Commercial use of bioasphalt 
remains limited, but academic studies and demonstration 
projects continue to grow [94]. Industrial reports suggest 
that bioasphalt is an effective GHG reduction strategy for the 
asphalt industry, but studies of its long-term carbon-removal 
potential are still needed [95]. Biochar has received more 
coverage from the scientific literature, and biochar markets 
are growing [96]. Biochar studies suggest that, when used 
in appropriate contexts, biochar can be an effective carbon-
removal material [97]. Effective biochar use relies on a good 
understanding of biochar preparation, soil micro-organism 
behavior, and land management practices [98]. Appropriate 
life cycle accounting of the biogenic emissions (both CO2 and 
CH4) generated through the conversion process as well as 
experimental studies rigorously quantifying decay rates once 
applied to surficial soils are needed. 

BiCRS Feedstock Eligibility Criteria
Connecting Biomass to the Appropriate 
Conversion Technology 
Each BiCRS technology has a set of criteria for biomass 
feedstock eligibility, as shown in Table 6-13. The key drivers 
for assigning the most appropriate technology for feedstock 
conversion are moisture, ash content, and, to a lesser extent, 
presence of inhibitors for fermentation. Biomass feedstocks 
with moisture contents >60% are considered “high moisture” 
and are suitable for AD or HTL, as shown in Table 6-13. For 
the full list of biomass and its eligible BICRS technology 
see Appendix 6. In our study, biomass types with moisture 

content >60% are wet wastes, including manure and food 
waste, which typically cannot be economically transported 
long distances due to the high water mass in the biomass 
[97]. Wet wastes are therefore treated as point-source 
feedstocks and require the construction of greenfield AD 
or HTL biorefineries co-located with the source of waste. 
Ash content is another property to consider for gasification 
and pyrolysis technologies due to the associated technical 
complications, like agglomeration and bridging [99]. We 
selected an ash content of 10% as the threshold value for 
gasification and pyrolysis technologies, which excludes 
several high-ash feedstocks, including rice hulls, sugarcane 
trash, sorghum stubble, and certain types of MSW. However, 
pretreatment or modification of these biorefinery processes 
could potentially enable the use of these feedstocks in 
the future. Combustion has the largest number of eligible 
feedstocks (and annual dry tonnes of biomass) with the 
only requirement being a biomass moisture content <60%. 
The sawmill technology in our study only accepts forestry 
biomass of small diameter (<11 inches), which primarily 
includes thinned trees of large enough size for low-cost, 
small-dimensional lumber [100-102]. Fermentation accepts 
low-moisture feedstocks with minimal inhibitors (lignin, 
terpenes, etc.) that have been proven technically feasible, 
including agricultural residues and hardwood forestry 
biomass [103-105]. Our analysis assessed feedstock 
availability for two years: 2025 and 2050. Herein, all stated 
metrics and assumptions are for both 2025 and 2050 unless 
stated otherwise. The 2025 biomass availability includes all 
feedstocks except restored prairie, switchgrass, poplar, and 
willow, which are the four additional feedstocks available in 
the 2050 assessment. 

Table 6-13. The biomass composition criteria and mass of eligible biomass feedstocks for each BiCRS technology. Biomass from 
the Maximum Economic Potential assessment. 

BiCRS Technology Biomass Composition Criteria Annual Feedstock Availability

(Million tonnes)

Anaerobic Digestion &  
Hydrothermal Liquefaction > 60% moisture 37.4

Gasification and Pyrolysis < 60 % moisture
< 10% ash 847.4

Combustion < 60 % moisture 863.2

Fermentation < 60 % moisture Minimal inhibitors 624.2

Sawmill Whole small diameter tree only 86.4
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Our Analysis Approach: Boundary 
Conditions, Life-Cycle Assessment, and 
Technoeconomic Assessment (TEA) 
Assumptions 
For each BiCRS technology, we developed process models and 
associated products to provide mass and energy flow data 
for each unit operation (see Appendix 6 for detailed process 
flow diagrams of each BiCRS pathway). We accounted for the 
cost of capturing gaseous CO2 and storing it underground as a 
potential carbon-removal solution. Additionally, we explored 
four other bioproducts that have the capacity to store 
carbon for an extended period and thus contribute to carbon 

Table 6-14. Summary of the associated sinks and 100-year 
durability of five products that can contribute to carbon 
removal.

Product Carbon Sink

100 Year  
Carbon 

Durability

Carbon Dioxide Geological 
Storage 100%

Polyethylene Product and 
Landfill 60%

Bio-oil (Bioas-
phalt) Asphalt 77%

Biochar Soil 80%

Small Dimensional 
Lumber*

Structures and 
Landfill 50%

*Durability of small dimensional lumber is 23% relative to the 
whole tree, in agreement with durability assumptions in the 
forestry chapter.

removal. These products include polyethylene, bioasphalt, 
biochar, and small-dimensional lumber. The estimated carbon 
durability for all five carbon storage sinks is summarized in 
Table 6-14. Other co-products and waste residues containing 
carbon, such as adipic acid and solid digestate, are assumed 
to fully decompose and release back into the atmosphere 
within 100 years. 

Figure 6-30 shows the various flows of carbon to and from 
the atmosphere over the life-cycle of a bioproduct. We 
use CO2 to represent CO2e emissions for simplification. We 
calculated net CO2 removal by subtracting the total emissions 
(from biomass, CO2 supply chains, and biomass-conversion 
processes) from the initial atmospheric CO2 capture during 
biomass growth through photosynthesis, in addition to the 
CO2 that can be captured onsite. A BiCRS pathway is classified 
as carbon-negative when the sum of emissions is less than 
the combined amount of CO2 captured from the atmosphere 
and the CO2 captured at the biorefinery. Figure 6-30 presents 
all the detailed direct and indirect emissions that have been 
considered in this analysis. The LCA system boundary includes 
cradle-to-grave emissions except for the emissions from 
transport of bioproduct from conversion facility to end-of-life. 
The emissions associated with bioproduct end-of-life are 
calculated using the 100-year durability shown in Table 6-14. 

We calculated the cost of carbon removal as the incremental 
costs to remove CO2 for all potential negative-emission 
BiCRS pathways in $/tonne CO2, as shown in Equation 1 (see 
Appendix 6 for other equations). We focus on CO2-removal 
cost without considering avoided emission impacts. We 
assumed the cost and carbon intensity of electricity and 
hydrogen purchased externally to the conversion facility to 
be constant across regions for both near- and long-term, as 
shown in Table 6-15. For other economic parameters and 
emissions factors, see Appendix 6. 

Equation 1

Carbon Removal Cost = Levelized Cost of BiCRS — Revenue from Bioproduct
Net Carbon Removal

[=]
$

tonne CO2
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Figure 6-30. Overview of carbon accounting calculations for BiCRS pathways. Net CO2 removal = C1+C2-(E1+E2+E3+E4+E5). 

Table 6-15. Costs and emission factors for electricity, natural gas, and hydrogen used onsite at biorefineries for 2025 and 2050. 
(Data source: EIA electricity data, EIA natural gas data [91, 92], NREL H2 price [93], GREET [94].

2025 
(Near-Term) 

2050
(Long-Term)

Cost Emission Cost Emission

Industrial Electricity $0.08/kWh 0.3878 kg CO2/kWh $0.08/kWh 0.0 kg CO2/kWh

Natural Gas (NG) $0.15/m3 2.76 kg CO2/kg NG $0.15/m3 2.76 kg CO2/kg NG

Hydrogen (H2) $2.0/kg 16.12 kg CO2/ kg H2 $2.0/kg 0.0 kg CO2/ kg H2

Results: Carbon-Removal Capacity and 
Cost for Selected Biorefineries 
Figure 6-31 compares the net CO2-removal potential and CO2-
removal cost at the biorefinery-plant level, focusing solely 
on the biorefinery’s operations without considering biomass 
or CO2 logistics. The scale of the biorefinery shown in Figure 
6-31 is 1000 dry tonnes of biomass per day. The evaluated 
BiCRS pathways are divided into three categories based on 
feedstock: low-moisture biomass conversion pathways (dark 
blue), wet-waste biomass conversion pathways (light blue), 
and existing biogas capture pathways (dark grey). These 
pathways are categorized into four quadrants based on their 
biomass-removal potential and cost.

In general, pathways with higher carbon-removal potential 
per tonne biomass tend to have lower removal costs. For 
instance, gasification/pyrolysis-to-H2 and combustion-to-
electricity pathways have exceptionally high CO2-removal 
potential because most of the biogenic carbon is separated 
from their bioproducts, making it possible to capture and 
store it underground. In contrast, pathways like fermentation 
to liquid fuels (ethanol, diesel, SAF) produce hydrocarbon 

products where some of the biogenic carbon remains in the 
co-product. The emissions resulting from the end use of these 
products are challenging to capture consistently and do not 
contribute to removal. Additionally, these pathways require 
high capital investments, leading to higher removal costs 
compared to the upper left quadrant (Figure 6-31).

Wet-waste biomass conversion pathways mainly fall into the 
bottom right quadrant due to their lower biomass carbon-
removal potential and lower revenue from the products they 
generate. We describe biomass carbon-removal potential 
from wet waste in the Biocarbon Infrastructure, Logistics, 
and Transportation (BILT) results section on wet waste (see 
below). In addition, when calculating the cost of removal 
for AD, we use a conservative selling price for RNG based 
on fossil–natural gas prices, without accounting for policy 
incentives or avoided emissions. It is important to note that 
revenue from product sales significantly affects the CO2-
removal cost, as shown in the sensitivity analysis depicted in 
Figure 6-33. Additionally, despite the high relative cost per 
tonne of CO2 removed for wet waste (manure, food waste) 
conversion pathways, treatment of wet waste is necessary to 
avoid methane emissions. 
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Figure 6-32 illustrates the impact of a zero-emissions grid 
by comparing the CO2-removal potential on a “dry tonne 
of biomass” basis for all BiCRS pathways at the biorefinery-
plant level between 2025 and 2050. In 2050, assuming a 
zero-emissions grid and H2, most pathways exhibit increased 
carbon-removal potential compared to 2025, where current 
grid and H2 emissions are considered. With the assumption 
of a net-zero-emissions grid and H2 in 2050, the overall 
net carbon removal potential rises for most pathways. 
Pathways like fermentation to SAF or polyethylene—which 
consume more electricity and H2 as part of the process than 
other pathways—experience a more significant increase 
in carbon-removal potential at the biorefinery level with a 
2050 zero-emissions grid. Pathways like gasification to H2, 
combustion, and sawmill, which generate clean electricity on-
site, show minimal changes in net carbon-removal potential 
between 2025 and 2050.

Figure 6-31. CO2-removal cost versus CO2-removal potential on a “per dry tonnes of biomass” basis. The figure showcases the 
analysis based on a baseline biorefinery scale of 1000 dry tonnes of biomass per day. The focus is solely on carbon removal at 
the biorefinery gate, excluding emissions from biomass harvest, transportation, CO2 transportation, and injection. All feedstock is 
assumed to have a biomass cost of $60/dry tonne. Conversion technologies are represented by abbreviations: G (gasification), C 
(combustion), P (pyrolysis), F (fermentation), AD (anaerobic digestion), HTL (hydrothermal liquefaction) and SM (sawmill). Products 
include liquid fuels (LF), sustainable aviation fuel (SAF), renewable natural gas (RNG), and adipic acid (AA). We use the abbreviation 
WWTP to represent wastewater treatment plant. 

We performed sensitivity analyses for three input parameters 
that we found have the greatest impact on the cost of CO2 
removal: product selling price (Figure 6-33), feedstock cost 
(Figure 6-34 ) and capital-recovery factor (Appendix 6, Figure 
A6-11 ). In each sensitivity analysis, we varied one parameter 
from the baseline by +/-50%, while keeping all other input 
parameters constant. We present the relative change to 
baseline CO2-removal cost to show the sensitivity of each 
pathway’s CO2-removal cost to the variable parameter.

The impact of product selling price, feedstock cost, and 
capital-recovery factor on CO2-removal cost varies depending 
on the conversion pathways as follows: pathways that yield 
high-value, long-lasting co-products (e.g., polyethylene, 
asphalt, and wood products) or pathways that generate 
valuable byproducts (e.g., adipic acid) are more sensitive 
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Figure 6-32. Projected 2025 and 2050 grid and hydrogen emissions impact on biomass CO2-removal potential on a “per dry tonne 
of biomass” basis. The analysis assumes a net-zero-emissions grid and net-zero-emissions hydrogen production for 2050, while 
utilizing current emissions factors for the grid and hydrogen production in 2025. The figure highlights findings based on a baseline 
biorefinery scale of 1000 dry tonnes of biomass per day. It specifically focuses on carbon removal at the biorefinery gate, excluding 
emissions associated with biomass harvest and transportation, CO2 transportation, and injection. 
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Figure 6-33. Variation of CO2-removal cost relative to the selling price of bioproducts. Bioproducts refer to all bioenergy, 
biochemicals, and biomaterials products that can be produced alongside CO2 and contribute additional economic values to BiCRS. 
The selling price of the product was varied by both increasing (+50%) and decreasing (-50%) it relative to the baseline product 
selling price, as outlined in Table 6-17. 

Figure 6-34. Variation of CO2-removal cost relative to the feedstock collection price. The feedstock collection price was varied by 
both increasing (+50%) and decreasing (-50%) it relative to the baseline feedstock collection price of $60/dry tonne biomass.

to changes in selling price due to the presence of multiple 
revenue streams. Capital-recovery factor (see Appendix 6, 
Figure 6-11) plays a more important role in the CO2-
removal costs for the pathways that require a higher capital 
investment (e.g., gasification and fermentation). Feedstock 

cost has a lower impact on the CO2-removal cost overall, 
except for bioasphalt and AD, where feedstock cost is a 
significant fraction of the total cost due to the relatively lower 
capital investment for pyrolysis and AD.
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Siting and Sizing Facilities for  
Biomass Accessibility and 
Carbon Storage: Description of the 
Biocarbon Infrastructure, Logistics, 
and Transportation (BILT) Optimization 
Model 

Rationale for Development and Application 
of the Biocarbon Infrastructure, Logistics, 
and Transportation (BILT) Model 
Oak Ridge National Laboratory (ORNL) developed the 
Biofuel Infrastructure, Logistics, and Transportation model to 
optimize biomass logistics for biofuel production. In our work, 
we extended the tool—referred to hereafter as the Biocarbon 
Infrastructure, Logistics, and Transportation (BILT) model—to 
model BiCRS logistics with the objective of maximizing the 
carbon removed (rather than carbon abated) and including 
consideration of multimodal transportation for both biomass 
(truck, rail) and CO2 (truck, rail, and pipeline). Our BILT model 
(depicted in Figure 6-35 ) also includes process modeling, 
economic analysis, and assessments of environmental 
impact across 27 different pathways of biocarbon utilization, 
encompassing various thermochemical, biochemical, 
and mechanical biomass-conversion technologies. This 
comprehensive approach enables understanding of how 
different biomass sources and utilization methods can 
contribute synergistically to regional- and system-scale CO2 
removal.

Figure 6-35. Illustration depicting functionality of the Biocarbon Infrastructure, Logistics, and Transportation (BILT) optimization 
model as used in this chapter, showing major inputs, outputs, and constraints. TEA = technoeconomic assessment; LCA = life-cycle 
assessment. 

Results from the BILT optimization represent a small subset 
out of a multitude of options; many technologically mature 
BiCRS pathways can remove significant quantities of CO2 while 
realizing other regional and national goals, such as reducing 
pollution or avoiding waste-disposal costs. We used BILT 
in this analysis to understand the major cost and removal 
impacts, as well as tradeoffs, to assist in decision-making at 
the national and regional scale. 

Biocarbon Infrastructure, Logistics, and 
Transportation (BILT) Description 
Our BILT optimization model minimizes the cost of carbon 
removal across spatial biomass availability, conversion-facility 
capacities and locations, biomass and CO2 transportation 
modes and distances, and carbon-storage mechanisms. The 
model solves the optimization problem via a mixed-integer 
program that uses the Gurobi mathematical optimization 
solver(see Appendix 6 for details). The optimization model 
first quantifies the theoretical maximum carbon removal 
where almost all accessible sustainable biomass is devoted 
to removing the most carbon, regardless of the costs, and 
then determines the lowest-cost solution in which a specified 
target carbon removal is achieved; the optimal solution in this 
context refers to a selection of particular BiCRS technologies 
and transportation modes that achieve the lowest cost of 
carbon removal. The potential locations for siting biomass-
conversion facilities by BILT are pre-determined using the 
exclusion criteria shown in Table 6-16. We allowed the 
capacity for fermentation, combustion, gasification, pyrolysis, 
and sawmill facilities to range between 1000 and 5000 



December 2023Chapter 6. Biomass Carbon Removal and Storage6-48

Table 6-16. The exclusion and requirement criteria for siting 
all low moisture conversion facilities in the BILT model. 
Facilities for high moisture waste were sited at the waste 
location.

Exclusions Requirements

Population density of more 
than 500 people  

within 1 square mile

Water supply of 12.5k 
gallons/minute within 

20 miles++

Wetlands or open water
Within 200 miles of rail 

transfer station for biomass 
and CO2

Protected lands Within 50 miles of pipeline 
transfer station for CO2***

Slope greater than 12%

Landslide hazard

100-year floodplain

  ++ Fermentation is the most water-intensive BiCRS  
        technology and consumes less than 12.5k gallon/minute
***  Only for the long-term future 2050

dry tonnes per day (based on biorefinery scales in current 
industries like ethanol fermentation) in increments of 1000 
tonnes per day. BILT optimizes the facility size by balancing 
the benefits of economies of scale and costs of biomass 
logistics at larger scales. AD and HTL facilities are built at 
the source of wet waste and have capacities equal to the 
available wet waste at that location. 

BILT has established the modes and distances for transporting 
biomass and CO2, as depicted in Figure 6-36, for both near-
term (2025) and long-term (2050). We calculate both CO2 and 
biomass transport by truck and rail for 2025; for 2050, we 
added an additional trunk CO2 pipeline. Chapter 5 –CO2 and 
Biomass Transport presents comprehensive cost breakdowns 
for all three transportation methods. To ensure economic 
efficiency and feasibility in supply-chain logistics, we used a 
maximum trucking distance of 200 miles (322 km) for both 
biomass and CO2 [110] and constrained biorefinery location 
to within 50 miles (80 km) from the pipeline.

Table 6-17. Assumed market demands and selling prices for bioproducts considered in BiCRS pathways for 2025 and 2050. Data 
are from the following data sources, and do not include current incentives for bio-derived or low-carbon-emission products. (Data 
sources: EIA Annual Energy Outlook [111]; Road Map to a US Hydrogen Economy [112]; Freedonia Group Lumber Industry Report 
[113]; Global Industry Analyst Inc. Acetone Market Data [114]; Grandview Research Adipic Acid Market Size, Share and Trend 
Analysis Report [115]; Statista Research Department Polyethylene Market Data [116]; and World Highways Asphalt Market data 
[117].)  

Product Units 2025 2050 Selling Price 
($2022)

Electricity Billion kWh 10,850 11,950 $0.08/kWh

RNG Billion MJ 34,251 38,220 $4.17/kJ

Gasoline Billion gallons 134 134 $2.30/gal

Diesel Billion gallons 60.7 56.7 $2.44/gal

Jet fuel Billion gallons 26.4 34.7 $2.28/gal

Ethanol Billion gallons 14.9 16.9 $1.62/gal

Hydrogen Million tons 12.3 50.0 $2.00/kg

Bioasphalt binder Million tons 3.15 7.28 $152.24/tonne

Bio-polyethylene Million tons 29.1 57.8 $1208.93/tonne

Adipic acid Million tons 3.15 9.92 $1.72/kg

Acetone Million tons 2.00 2.51 $1170/tonne

Lumber m3 45,827,900 51,912,700 $171/m3

Biochar Million tons Information unavailable $95.43/tonne
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Figure 6-36. Biomass and CO2 transport assumptions used by the Biocarbon Infrastructure, Logisitics, and Transportation (BILT)  
model. A more detailed description of CO2-removal pathway transportation logistics and costs can be found in Chapter 5–CO2 and 
Biomass Transport.

Bioproduct Market Constraints used in Bio-
carbon Infrastructure and Logistics Model
BiCRS can produce a wide range of energy products, 
including RNG, gasoline, diesel, jet fuel, ethanol, hydrogen, 
and electricity, alongside valuable commodities like bio-oil, 
biopolyethylene, adipic acid, acetone, and lumber (see Table 
6-17). We assume these bioproducts are sold in the market 
and generate revenue to reduce the carbon-removal costs of 
BiCRS. Therefore, the economic viability of BiCRS pathways 
heavily depends on energy and commodity markets. These 
markets play a pivotal role in determining the demand, 
price, and growth potential of biorefinery products, limiting 
the volume of products that can be sold at specific price 
levels. For additional assumptions on bioproducts’ market 
constraints, see Appendix 6. 

To comprehensively account for market demand in our 
analysis and prevent oversaturation, we have integrated 
market constraints into BILT. To address the volatility and 
uncertainty in market demands, we have gathered historical 
market-size data and projections from credible sources to 
represent near- and long-term market trends, as presented 
in Table 6-17. We gathered all data for bioenergy products 
from the 2022 US EIA Annual Energy Outlook, while data on 
biochemicals and biomaterials are based on multiple available 
market-research reports [111-117]. We have not attempted 
to predict the potential impacts of consumer-market 
preferences, public incentives, and technological innovations, 
all of which can significantly influence the supply and demand 
dynamics of biorefinery products.  

Results from the Biocarbon  
Infrastructure, Logistics, and 
Transportation (BILT) Model 
BILT optimization provided insights to the following questions, 
which we will address in subsequent sections. 

• How much net CO2 can we remove considering the full 
supply chain of biomass and distribution of CO2? And at 
what cost? 

• How much additional carbon removal can carbon crops 
provide? 

• Which BiCRS pathways can help achieve maximal CO2 
removal at the lowest cost? 

• What role does each CO2-removal region play in BiCRS 
deployment? 

• What are the most economical biorefinery scales and 
siting locations?

• How does carbon-removal cost change according to differ-
ent system-wide removal targets?

• How does product selling-price change the competitive-
ness of different pathways? 

• What are the potential impacts of BiCRS pathways on SAF 
supply and carbon removal?

End of rail must be wihin 
the CO2 storage zone

2025
SCENARIO

2050
SCENARIO
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RAIL TRANSFER

BIOREFINERY

TRUCK

12
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If <200 miles to rail 
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We evaluated carbon-removal potentials ranging from 25% 
to 99% of maximal removal (relative to biomass availability) 
to understand the scope of different carbon-removal 
quantities and their impact on the optimal removal strategy. 
We showcase the 90% removal results as technically feasible 
and ambitious. Our results show that the optimal strategy 
also balances between technologies that maximize carbon 
removal and those that reduce carbon-removal costs. In 
later sections, we investigate the various removal options to 
comprehend the role of different technologies under different 
carbon removal targets.

Net CO2 Removal Capacity and Cost for the 
three Biomass Assessments Described in 
Sections 6.1 and 6.2 
We summarize net CO2-removal potential for all long-term 
2050 biomass assessments and near-term 2025 biomass 
assessment in Table 6-18, considering the full system of 
supply chain of biomass, biomass conversion, and distribution 
of CO2 at 90% of maximum removal potential (based on 
available biomass). Overall, in 2050, we find a removal 
potential of 614–1140 million tonnes CO2/year through 
low-moisture biomass, including forestry, agriculture residue, 
MSW, and carbon crops, at an average cost of less than $91/
tonne CO2. The major biomass difference between baseline 

and the zero-cropland-change case is the additional usage 
of 137 million dry tonnes per year of carbon crops, adding 
206 million tonnes of additional net CO2 removal at a slightly 
higher cost. Wet-waste biomass can contribute another 22 
million tonnes of CO2 removal per year but at a cost of $1242/
tonne; see section on BILT results using wet waste for details. 
Moreover, we found that in 2050, 100 million tonnes of 
biogas CO2 can add another 57 million tonnes of CO2 removed 
per year, at a price of $51/tonne. The near-term potential 
BiCRS carbon-removal capacity for 2025 is significantly 
lower (by a difference of 244–770 million tonnes per year) 
at a higher cost. The primary contributing factors to the 
higher projected costs in 2025 are the reduced availability 
of biomass resources and higher grid emissions in 2025 
compared with 2050. 

Pathways for Maximizing CO2 Removal at 
Minimal Cost
As shown in Figure 6-37, under the zero-cropland-change 
biomass assessment, we find potential for 820 million tonnes 
CO2/year using 527 million dry tonnes of low-moisture 
biomass/year including forestry, agriculture residue, MSW, 
and carbon crops, at an average cost of $91/tonne CO2. 
The BiCRS pathways selected include gasification to H2, 
combustion to electricity, and pyrolysis to bio-oil to bio-
asphalt. 

Table 6-18. Summary of BILT model results for carbon dioxide removal tonnes and cost for 2050 Baseline, Zero Cropland 
Change, and Maximum Economic Potential biomass assessments and 2025 Baseline biomass assessment to achieve 90% of 
carbon removal capacity (related to total biomass availability). 

Feedstock Low Moisture Wet Waste Biogas Total 

Feedstock Used  
(million dry tonne/year)

2025 Baseline 239 36 84 359 

2050 Baseline 390 37 100 527 

2050 Zero-Cropland-Change 527 37 100 664 

2050 Maximum-Economic- 
Potential 738 37 100 875 

Net CO2 Removal  
Potential  
(million tonne/year)

2025 Baseline 370 11 39 420 

2050 Baseline 614 22 57 693 

2050 Zero-Cropland-Change 820 22 57 899 

2050 Maximum-Economic- 
Potential 1140 22 57 1219 

CO2 removal cost  
($/tonne CO2)

2025 Baseline 99 2357 70 ---

2050 Baseline 84 1242 51 ---

2050 Zero Cropland Change 91 1242 51 ---

2050 Maximum Economic 
Potential 90 1242 51 ---
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We found that gasification to H2 is preferred in several 
regions. Gasification to H2 can process a variety of feedstock 
types, has a high carbon-removal efficiency, and can generate 
significant revenue from selling H2 at $2/kg. Combustion 
to electricity is also selected in a few regions, such as the 
Northeast, due to the combustion pathway’s high carbon-
removal potential and compatibility with high ash-content 
biomass like MSW. Pyrolysis to produce bio-oil that can be 
blended with fossil asphalt to produce bio-asphalt is also 
selected due to its low capital investment and relatively high 
CO2-removal potential. Pyrolysis is primarily located in regions 
where more mature technologies are not able to scale due 
to lack of biomass or geologic storage. Even though pyrolysis 

to bio-oil to bio-asphalt is a low removal-cost BiCRS pathway, 
literature suggests that currently bio-oil can be blended with 
fossil-derived asphalt up to a composition of 10%. This low 
blend rate therefore limits its overall contribution to carbon 
removal in our analysis. 

Figure 6-37 also shows major biomass transportation modes, 
with the thick arrows representing biomass transportation 
by rail and thin lines showing local truck transportation. The 
most prominent long-distance transportation of biomass 
by rail occurs from Northern California to facilities located 
in proximity to geologic storage in Wyoming and from Iowa 
to the Gulf Coast. These cases highlight areas where the 

Figure 6-37. Biocarbon Infrasturcture, Logistics, and Transportation (BILT) model result: 90% carbon-removal capacity for zero-
cropland-change biomass. A snapshot of a US BiCRS system that could achieve 90% carbon-removal capacity (related to total 
biomass availability) at minimal cost ($/tonne CO2). The symbols represent facility type, and symbol color represents biomass type. 
The symbol size represents the CO2 facility removal capacity ranging from 1.3-3 million tonnes/ year. Orange lines represent CO2 
pipelines (current and future); thick lines represent biomass transportation by rail and narrow lines by truck. The total CO2-removal 
potential depicted here represents 820 million tonnes/year at a minimal removal cost of $91/tonne CO2, with 34 million tonnes of 
hydrogen production. MSW = municipal solid waste.
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biomass-density saturates the available biorefineries in 
the local area that may be in closer proximity to geologic 
storage. These results would likely change if we increased the 
biorefinery size or reduced the allowable distance between 
facilities in our model constraints. However, we chose these 
constraints based upon our assessment of feasibility and 
precedent for biorefinery size and siting.

Carbon Negative Hydrogen Production:  
Implications of a Dominant BiCRS Pathway 
Hydrogen is a major product in this analysis, but the industry 
will need to address several challenges and limitations 
for the scale of implementation described here. BiCRS 
hydrogen has some advantages relative to electrolysis 
hydrogen, as it does not rely heavily on grid electricity and 
produces two products of value, decarbonized hydrogen 
and carbon-removal services. The US DOE has put forward 
a Clean Hydrogen Roadmap [112] that projects a hydrogen 
demand of 50 million tonnes/year by 2050. The primary 
uses are projected to be decarbonized chemical production; 
heavy-duty transportation; iron, steel, and cement; and grid 
electricity. As shown in Table 6-19, BiCRS carbon-removal 
pathways can produce hydrogen at the scale of this projected 
need. However, BiCRS carbon-negative hydrogen must also 
complement other high-priority biomass uses, such as in the 
production of SAF. We note that hydrogen is also needed to 
refine SAF, though we did not analyze this product synergy. 
The most important limitation in realizing carbon-negative 
hydrogen at the scale described in our analysis is the lack of 
transportation infrastructure. There are many opportunities 
for co-locating hydrogen with existing industrial facilities for 

chemical and energy production. Biorefineries could produce 
hydrogen on demand, but they will likely need storage. 
Hydrogen storage requires special and costly containers to 
store hydrogen at high pressures or cryogenic temperatures 
with boil-off capture to reduce losses. Special containers 
will also be needed for truck or rail transport, which could 
be expensive without compression to increase the amount 
transported on a volume basis. For long-distance transport, 
dedicated pipelines may be the most cost-effective option, 
but they will take time to permit and build. 

Lowest-Cost BiCRS Deployment  
Opportunities 
In comparison to 90% CO2-removal potential (as shown Figure 
6-37), we show BILT results for a lower-cost deployment of 
BiCRS technologies, corresponding to a CO2 removal potential 
of 455 million tonnes CO2/year (50% of the theoretical 
maximum removal potential) as shown in Figure 6-38. We 
found that near-term opportunities exist primarily in regions 
with a convergence of high-density biomass feedstocks and 
low-cost geologic storage for CO2. Specifically, areas such 
as the Gulf Coast, the Great Lakes region, and California 
exhibit promising potential for low-cost BiCRS deployment. 
The first 450 million tonnes of CO2 can be removed at a net 
CO2 removal cost of $68/tonne CO2, compared to the 90% 
removal goal of $91/tonne CO2 as discussed above. Low-cost 
and high-removal-potential pathways like gasification to H2, 
combustion to electricity, pyrolysis to bio-oil to bio-asphalt, 
and sawmill to wood-product pathways are featured in the 
optimized results as promising low-cost deployment BiCRS 
technologies in different regions. 

Table 6-19. Summary of hydrogen production from BiCRS for baseline, zero cropland change and maximum economic  
potential biomass at a 90% removal capacity, assuming a $2/kg hydrogen selling price. At a hydrogen selling price of $1/kg, the 
amount of hydrogen produced in the optimization falls to 11 million tonnes per year. 

Biomass Assessment 
(2050) Biomass Used

CO2 Removal 
Potential 

CO2 Removal 
Cost H2 Production

2050 Projected  
Hydrogen Demand

(Million tonnes/year)
(Million 

tonnes/year) ($/tonne CO2)
(Million tonnes/

year) (Million tonnes/year)

Baseline 390 614 84 27 50

Zero-Cropland-Change 527 820 91 34 50

Maximum- 
Economic-Potential 738 1140 90 50 50 
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Figure 6-38. Biocarbon Infrastructure, Logistics, and Transportation (BILT) model result: 50% carbon-removal capacity for zero-
cropland-change biomass. A snapshot of a US BiCRS system that could achieve 50% carbon-removal capacity (related to total 
biomass availability) at minimal cost ($/tonne CO2). The symbols represent facility type, and symbol color represents biomass type. 
The symbol size represents the CO2 facility removal capacity ranging from 1.9-3 million tonnes/year Orange lines represent CO2 
pipelines (current and future), thick lines represent biomass transportation by rail and narrow lines by truck. The total CO2-removal 
potential depicted here represents 455 million tonnes CO2/year at an average removal cost of $68/tonne CO2, with 20 million 
tonnes of hydrogen production. MSW = municipal solid waste. 

Impact of Pipeline Infrastructure on CO2 
Transportation Cost
To assess the impact of CO2 pipelines, we conducted a 
comparative analysis contrasting cases with and without 
CO2 pipelines (as drawn in e.g., Figure 6-38, represented 
as thick orange lines) in a 2050 zero-cropland-change 
biomass assessment, utilizing our BILT model. In both cases, 
gasification for hydrogen production remained the dominant 
technology, driven by high carbon-removal capacity and 
favorable economics. In the presence of CO2 pipelines, the 
optimized solution includes construction of more large-scale 

gasification to H2 biorefineries, while without CO2 pipeline 
access, the solution includes more pathways that do not 
require CO2 transportation, such as sawmill to lumber 
products.

Figure 6-39 presents a comparison of CO2 transportation 
costs for gasification-to-H2 biorefineries across diverse 
regions, accounting for the presence or absence of the 
hypothetical CO2 pipeline infrastructure. Regions significantly 
benefiting from the hypothetical CO2 pipeline infrastructure 
are near the pipeline and have high biomass density and 
longer distances to geologic storage sites; these regions are 
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highlighted within an orange box in Figure 6-39. Notably, the 
Upper and Lower Midwest regions stand out as beneficiaries 
of this specific pipeline implementation; large gasification 
to H2 biorefineries in those regions can save $10/tonne CO2 
on transportation cost with pipeline infrastructure, which 
could lead to substantial annual savings of $27 million for 
each gasification-to-H2 biorefinery with a capacity of >5000 
tonnes/day. Similarly, regions like the Great Basin and West 
Coast benefit from neighboring states’ pipeline infrastructure, 
offering potential CO2 transportation cost savings of 
approximately $5/tonne CO2. 

Impact of the Carbon-Removal Target on 
Total Costs and Cost Breakdown
We evaluated carbon-removal potentials ranging from 25% 
to 99% of maximal removal to understand the scope of 
different carbon-removal quantities and their impact on 
the optimal removal strategy. As the carbon-removal target 
increases, the minimum cost of removing each tonne of CO2 

Figure 6-39. CO2-transportation cost for gasification-to-H2 biorefineries in different regions compared with and without CO2 pipeline 
infrastructure.

increases. Figure 6-40 shows the net removal cost ranging 
from $51/tonne up to $108/tonne when the removal goal 
increases from 25% (228 million tonnes CO2/year) to 99% 
(901 million tonnes CO2/year). Capital cost and operating cost 
of biorefineries are the most influential factors, accounting 
for approximately 60%–68% of the total cost. Feedstock 
cost and biomass transportation cost also have significant 
impact, representing approximately 20%–25% of the 
total cost. In contrast, the costs of CO2 transportation and 
injection play relatively minor roles in the overall cost when 
compared to the other variables. It is important to note 
that our study employed a general transportation cost per 
tonne of CO2 per mile for different modes of transportation 
(a detailed calculation is summarized in Chapter 5 –CO2 and 
Biomass Transport). However, we recognize that specific 
CO2 logistic designs may vary for different case studies, and 
transportation costs could differ significantly accordingly. 
Moreover, BiCRS pathways have the advantage of producing 
marketable products, which can generate revenue to offset 
the substantial capital and operating investment associated 
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with biorefineries. This revenue plays a crucial role in 
reducing the overall cost of CO2 removal. Therefore, the 
selling price of the products becomes a critical factor that 
directly impacts the CO2-removal cost. 

The Lowest-Cost Biorefinery Scales,  
Locations, and Logistics
In addition to identifying the lowest-cost pathways to achieve 
a CO2 removal target, our analysis also revealed several 
important findings regarding biorefineries’ size, siting, and 
logistics. We found that the BILT model selected larger-scale 
biorefineries of 5000 dry tonnes/day when the biomass 
was available in that location to benefit from economies of 
scale. Our results demonstrated that moving biomass over 
longer distances via railways proves to be more cost-effective 
than transporting large volumes of CO2. This conclusion is 
quantitatively demonstrated in Chapter 5 –CO2 and Biomass 
Transport. When all biorefineries in a high biomass-density 
region had been saturated, the model moved biomass by 
rail from high biomass-density areas, like the West Coast and 
Midwest, to regions with low biomass availability but suitable 
geologic storage, such as Texas and the Rocky Mountain 
region. The optimized solution injects 380 million tonnes CO2 
directly into storage, while 320 million tons are transported 
via short-distance trucking (<200 miles) to geologic storage 
areas. Another 80 million tonnes of CO2 is transported by 
pipeline, with the potential to transport even larger volumes 
if more short-distance trunk lines are established to connect 
biorefineries to the main pipeline network. 

Figure 6-40. The breakdown of CO2-removal cost according to different CO2-removal targets . The maximum CO2-removal potential, 
utilizing 2050 zero-cropland-change biomass, is estimated to be 901 million tonnes CO2/year. To assess incremental milestones, the 
following percentages of the maximum removal potential are considered: 25% (228 million tonnes/year), 50% (455 million tonnes/
year), 75% (683 million tonnes/year), and 90% (820 million tonnes/year). The figure showcases the corresponding CO2-removal 
costs associated with each of these removal targets, providing insights into the cost implications of achieving different levels of CO2 
removal.

Impact of Product Selling Price on the  
Competitiveness of Gasification to H2

We have shown that product selling prices have significant 
impact on CO2 removal costs for different BiCRS pathways 
(see Figure 6-33). Here, we explore the influence of H2 selling 
price on the overall CO2-removal strategy by reducing the H2 
selling price to $1/kg (versus $2/kg) and conducting a BILT 
optimization using zero-cropland-change biomass. Figure 
6-41 showcases the lowest cost strategy for achieving a 
90% of maximum removal goal with zero cropland change 
biomass. Our analysis revealed a diversified set of four BiCRS 
pathways that effectively achieved the removal goal of 820 
million tonnes of CO2 per year at a minimum cost. These 
four pathways are combustion to electricity, gasification to 
H2, sawmill to wood products, and pyrolysis to bio-oil to 
bio-asphalt. It is important to note that the decrease in H2 
selling price resulted in a higher overall CO2-removal cost of 
$139/tonne. The model selected higher-cost BiCRS pathways 
to reach the target of removing 820 million tonnes of CO2 per 
year with zero-cropland-change biomass. 

When we assume a lower H2 selling price, gasification to H2 is 
no longer the dominating BiCRS pathway due to the reduced 
revenue generation. Combustion to electricity emerges 
as a dominating pathway due to its high carbon-removal 
efficiency, ability to handle various feedstocks, and the 
potential to generate revenue through electricity sales at 
a price of 8 cents/kWh. Additionally, the construction of 
sawmill-to-wood-product biorefineries increases notably, 
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particularly in regions abundant in small-diameter tree 
biomass but lacking geologic storage capacity. The sawmill 
pathway has a promising removal potential that stores 
carbon in two different forms: in long-lived wood products 
and underground. This loosens the requirement to transport 
large amounts of CO2 and therefore make this pathway 
more competitive in areas that lack geologic storage. With 
the H2 selling-price change to $1/kg, the pyrolysis to bio-oil 
to bio-asphalt pathway remains unchanged from the zero-
cropland-change biomass assessment at a H2 price of $2/kg. 

While it offers low costs, this pathway’s overall contribution 
to CO2 removal is limited due to our assumptions on the 
blending potential of bio-oil in asphalt. 

Using BiCRS to Supply Sustainable Aviation 
Fuel (SAF) and Carbon-Removal Services
To understand how BiCRS can supply the SAF market while 
maximizing carbon removal, we set the BILT objective to 
maximize SAF production while minimizing carbon-removal 
costs. We considered two major aviation-fuel-production 

Figure 6-41. Biocarbon Infrastructure, Logistics, and Transportation (BILT) model result: 90% carbon-removal capacity for zero-
cropland-change biomass and reduced H2 selling price. A snapshot of a US BiCRS system that could achieve 90% carbon-removal 
capacity (related to total biomass availability) at minimal cost ($/tonne CO2) with a H2 selling price of $1/kg. The symbols represent 
facility type, and symbol color represents biomass type. The symbol size represents the CO2 facility removal capacity ranging 
from 0.50 to 2.83 million tonnes/year. Orange lines represent CO2 pipelines (current and future); thick lines represent biomass 
transportation by rail and narrow lines by truck. The total CO2-removal potential depicted here represents 820 million tonnes/year; 
however, due to the low revenue generated from selling hydrogen at a lower price, the hydrogen production in this case is projected 
to be 11 million tonnes/year, and the average removal cost is projected to be $139/tonne CO2. MSW = municipal solid waste. 
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pathways—gasification to SAF and fermentation to SAF—with 
both pathways integrating carbon capture and storage to 
maximize carbon removal. We showcase the 90% removal 
result as an ambitious but technically feasible target.

Table 6-20 provides a summary of SAF production, 
corresponding CO2-removal potential, feedstock usage, 
and avoided emissions for the three biomass assessments 
projected for 2050. We observed discrepancies in the total 
biomass consumed between the SAF-only case and the 
previous case where other processes were also considered. 
The major difference arises from high ash-content biomass 
that was excluded from gasification or fermentation to SAF 
production due to low process efficiency. However, this type 
of biomass was used in the combustion-to-electricity pathway 
in the previous case. 

Typically, aviation fuel is produced alongside other liquid 
fuels like gasoline or diesel. By utilizing highly efficient 
catalysts and controlling the reaction pathway, it is possible 
to shift the selectivity and produce a greater quantity of the 
desired target product. Therefore, we report SAF production 
separately and also include SAF-equivalent production, which 
takes into account gasoline- and diesel-range products. With 
the current accessible and suitable low-moisture biomass 
ranging from 368 to 720 million dry tonnes per year, the 
results suggest we can produce 8–16 billion gallons of SAF 
annually and generate 20–39 billion gallons of SAF equivalent. 
Additionally, we can achieve a net CO2 removal ranging from 
364 to 694 million tonnes per year at a cost of less than $151/
tonne. Note that the fuel selling price significantly influences 
the removal cost, as discussed in the sensitivity analysis 
section. While this study primarily focuses on net carbon 
removal, we acknowledge the benefits of avoided emissions 
when replacing fossil fuel products. Based on the current 
emission factors of fossil aviation fuel, we estimate that the 

Table 6-20. Summary of sustainable aviation fuel (SAF) and SAF equivalent production, carbon dioxide removal tonnes, cost and 
avoided emissions for baseline, zero cropland change, and maximum economic potential biomass assessments to achieve 90% of 
carbon removal capacity (related to total biomass availability).

2050 Feedstock  
Assessment

Feedstock  
Used 

SAF  
Production

SAF Equivalent 
Production*

Net CO2 Removal 
Potential

CO2 Removal 
Cost

Avoided  
Emissions

Million dry 
tonne/year

Billion gallons/
year

Billion gallons/
year

Million tonne/
year $/tonne CO2

Million tonne/ 
year

Baseline 368 8 20 364 151 565

Zero Cropland Change 506 11 28 490 146 762

Maximum Economic 
Potential 720 16 39 694 149 1082

*SAF equivalent production includes aviation fuels, gasoline, and diesel production, all in units of SAF gallons.

 
avoided emissions from deploying the SAF pathway could 
reach 565–1082 million tonnes of CO2e per year. 

Figure 6-42, the BILT SAF-only case, demonstrates the 
lowest-cost strategy to achieve 90% of the maximum-removal 
target using zero-cropland-change biomass. Gasification is 
widely preferred over fermentation for SAF production. This 
preference stems from several factors: gasification offers a 
higher removal potential and significantly lower operating 
costs compared to fermentation. Fermentation to aviation 
fuels requires substantial capital investment and incurs 
highly variable operating costs, which cover expenses for 
chemicals, enzymes, and catalyst materials used in biomass 
pretreatment, enzymatic hydrolysis, and ethanol upgrading 
to SAF. We acknowledge that there are advantages to utilizing 
fermentation for SAF production, especially in regions where 
fermentation infrastructure is already well-established, but 
we did not address this aspect in this particular BILT example. 
We observed that the same regions with established 
fermentation infrastructure, such as the Great Lakes, 
Southwest, and Midwest, also show the greatest potential for 
SAF production, primarily due to their abundance of suitable 
biomass resources. 

We additionally conducted an analysis to prioritize biomass 
utilization and CO2 removal while aiming to satisfy 50% of 
DOE’s 2050 SAF goal of 35 billion gallons as depicted in the 
Executive Summary Figure ES-4. After this SAF goal was 
fulfilled, we directed the remainder of the biomass toward 
other low cost BiCRS pathways. The data in Figure ES-4 reflect 
use of 301 million dry tonnes per year of biomass to generate 
17.5 billion gallons of SAF annually. The remaining biomass 
is allocated to produce 17 million tonnes of hydrogen, 50 
million MWh of electricity, and 7 million tonnes of bio-oil for 
bioasphalt applications. This strategy facilitates an annual 
CO2-removal capacity of 654 million tonnes, achieved at a 
cost of $124/tonne CO2.
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Figure 6-42. Biocarbon Infrastructure, Logistics, and Transportation (BILT) model result: zero-cropland-change biomass used 
exclusively for sustainable aviation fuel (SAF). A snapshot of a US BiCRS system that exclusively utilizes 2050 zero-cropland-change 
biomass for the SAF sector. The symbols represent facility type, and symbol color represents biomass type. The symbol size 
represents the CO2 facility removal capacity ranging from 0.58-1.78 millions/year. Orange lines represent CO2 pipelines (current 
and future); thick lines represent biomass transportation by rail and narrow lines by truck. The total SAF production potential is 11 
billion gallons/year, with SAF-equivalent production of 28 billion gallons/year. CO2-removal potential depicted here represents 490 
million tonnes per year at an average removal cost of $146/tonnes CO2. MSW = municipal solid waste. 

BILT wet-waste results 
We modeled processing of wet-biomass waste via BiCRS 
technologies separately from dry-biomass feedstocks. The 
primary wet wastes included are swine manure, dairy and 
beef cattle manure, food waste (diverted from landfills), 
landfill biogas (resulting from biogenic organic waste in 
landfills), and WWTP biogas (resulting from biogenic organic 
waste in wastewater). We ran BILT optimizations for manure 
and food waste using greenfield AD and HTL as the two BiCRS 
technology options. We ran separate BILT optimizations for 
landfill and WWTP biogas where existing biogas collection 
is utilized and new biogas-upgrading units are installed (see 
Appendix 6). Under these assumptions, approximately 80 

million tonnes of CO2 are removed through these wet-waste 
pathways, the majority of which is from existing sources of 
biogas generated at landfills and WWTPs. 

The costs of removing CO2 from existing landfills and WWTPs 
are significantly lower ($40–$51/tonne CO2) than those of 
greenfield AD and HTL facilities treating manure and food 
waste ($770–$1242). The primary reasons for this cost 
discrepancy are the low carbon-removal potential and high 
capital costs of greenfield AD and HTL facilities. We discuss 
the factors leading to low carbon-removal potential for some 
wet wastes in Appendix 6. It is important to note that all wet-
waste conversion pathways are crucial for avoiding methane 
emissions and other pollution. We discuss these factors in the 
sections on emissions reduction and EEEJ later in the chapter. 
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The spatial distributions of BiCRS facilities for utilizing wet 
waste are shown in Figure 6-43 for the 90% removal target. 
For the 50% removal target (see Appendix 6, Figure A6-8), 
the majority of carbon removal is via AD of swine waste, HTL 
of various wastes, biogas processing at existing landfills, and 
biogas processing from WWTPs in southern California. AD of 
food waste is present in the Northeastern United States for 
the 90% removal target but to a lesser extent than the other 
pathways. For the 90% removal target, the majority of carbon 
removal is via HTL of various wastes, biogas processing at 
existing landfills, and biogas processing from WWTPs in 
southern California. The notable shift from AD of swine waste 

Figure 6-43. Biocarbon Infrastructure, Logistics, and Transportation (BILT) model result: wet waste 90%. A snapshot of a US BiCRS 
system that could utilize wet waste to achieve 90% carbon-removal capacity (related to total biomass availability) at a minimal cost 
($/tonne CO2). The symbol colors represent facility type. Symbol sizes represents the CO2 facility removal capacity ranging from 1.2 
tonnes/year to 7 million tonnes/year. Orange lines represent CO2 pipelines (current and future). Wet-waste biomass is processed 
locally, and the BiCRS facilities are designed to match the available capacity of the wet-waste resources. The total CO2-removal 
potential depicted here represents 22 million tonnes/year at an average removal cost of $1242/tonne CO2. 

in the 50% target to HTL in the 90% target can be explained 
by feedstock costs and economies of scale. The costs of 
food-waste feedstocks are higher than the costs of manure, 
which leads to more manure use at the lower carbon-removal 
target. The costs of several manure-feedstock resources 
are assumed negative as described in Section 6.1; the low 
carbon-removal potential of manure is overcome by such low 
feedstock costs. However, the quantity of low-cost manure is 
relatively low, leading HTL to be employed to achieve the 90% 
removal target. Economies of scale are also a factor at the 
90% removal target since HTL is more capital-intensive than 
AD and thus benefits from larger scales of production. 
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How Do Prominent BiCRS  
Pathways Impact Our Ability to  
Reduce CO2 Emissions?
In our study, we primarily focus on the net removal of 
atmospheric carbon and the associated removal costs. 
However, we are aware of the substantial potential for avoided 
emissions resulting from the production of bio-products 
that can replace fossil-based alternatives. Estimating 
avoided emissions involves considering regionally specific 
counterfactual scenarios, and their complexity is the main 
reason why they are regarded as secondary in this study. 
Nonetheless, we have quantified the avoided fossil-carbon 
emissions in a simplified manner and showcase their benefits 
alongside carbon removal (as depicted in Table 6-21). Two 
key factors contribute to CO2 avoidance in our analysis. (1) 
Displaced fossil-CO2 emissions: this factor accounts for the 
reduction in CO2 emissions achieved by utilizing biofuels as a 
substitute for fossil-based fuels. (2) Biogenic CH4 avoidance: 
this factor takes into consideration the avoidance of biogenic 
methane emissions, achieved by preventing decomposition of 
wet wastes, such as manure and food waste. We utilized these 
two factors in quantifying CO2 avoidance for each pathway, as 
represented in Equation 2

Table 6-21. Comparison of CO2 removal and avoidance plus removal, along with the associated costs for CO2 removal versus the 
costs for per tonne of CO2 removal plus avoidance. The table summarizes multiple representative cases that have been presented 
above, including zero cropland change biomass assessments at different H2 selling prices ($2/kg versus $1/kg), Zero Cropland 
Change biomass assessments for sustainable aviation fuels production, biogas capture, and wet waste biomass for renewable 
natural gas production.

Biomass Assessment (2050) Quantity (Million Tonne CO2) Cost ($/Tonne CO2)

Removal Avoidance + Removal Removal Avoidance + Removal

Zero Cropland Change Low  
Moisture Biomass ($2/kg H2)

820 820 91 91

Zero Cropland Change Low  
Moisture Biomass ($1/kg H2)

820 820 139 139

Zero Cropland Change Low Moisture  
Biomass (Sustainable Aviation Fuel  
Production Only)

490 762 146 94

Biogas 57 1241 51 2

Wet waste 22 139 1242 200

Equation 2
CO2 avoided + removed = FD + BMA + BCA – FN 
FD = Displaced fossil-carbon emissions by using biofuel
BMA = Avoidance of biogenic methane emissions
BCA = Biogenic CO2 captured and stored in geologic sites or 
long-lived products
FN = Sum of fossil carbon emissions along BiCRS supply chain

The accounting ensures carbon is not counted twice when 
calculating avoidance plus removal. We only consider 
biofuels displacing fossil fuels, and thus there is no overlap 
with carbon removal since the carbon in biofuels does 
not contribute to removal. The counterfactuals assume 
continued fossil-fuel use for jet fuel, gasoline, diesel, naphtha, 
and hydrogen production, as well as methane emissions 
upon degradation of wet wastes (manure and food waste); 
the electrical grid is assumed to be net-zero in 2050, so 
no emissions are avoided in producing electricity from 
biomass. Quantities of CO2 increase and costs decrease 
when avoidance is added to removal, as shown in Table 6-21. 
Notably, the differences are most dramatic for pathways that 
involve the release of methane; the large quantity of avoided 
emissions in the biogas pathway are primarily from avoided 
methane emissions in landfills. The total carbon-removal 
potential and the removal-plus-avoidance potential for 
scenarios with $1 and $2 per kg H2 selling prices are the same, 
due to assumptions of a low-carbon electrical grid in 2050. 
Overall, the costs of removal and avoidance combined (per 
tonne of CO2) are significantly lower than for removal alone.
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Regional Highlights and  
Opportunities
Figures 6-44, 6-45, 6-46 present regional maps that provide 
a comprehensive overview of regional removal potential, 
removal cost, and CO2 transportation. For the breakdown 
of cost and product revenue, see Appendix 6, Figures A6-9 
and A6-10. These maps are based on the results of BILT 
optimization, specifically focusing on the zero-cropland-
change biomass assessment (low-moisture biomass only) 
and 90% removal potential. Our analysis revealed that every 
region has the opportunity to implement some aspect of 
BiCRS and contribute to carbon-removal efforts. Below we 
highlight six regions and the distinct roles they can play in 
contributing to BiCRS in the United States. 

Lower Great Lakes: The Lower Great Lakes region has the 
highest CO2-removal potential in the United States, with a 
removal rate of approximately 119 million tonnes of CO2 per 

year for around $82/tonne. This accounts for approximately 
14% of the total CO2-removal potential in the United States 
using low-moisture biomass. The combination of the high 
density of low-moisture biomass resources and abundant 
geologic storage makes the Lower Great Lakes region an ideal 
location for biorefinery processes that maximize CO2 removal 
per tonne biomass, such as gasification to H2. We find the 
majority (85%) of BiCRS CO2 generated would be directly 
injected or transported over short distances by trucks, 
contributing to favorable logistics and economics. 

Southeast: The southeast also shows great potential for 
removing approximately 70 million tonnes of CO2 per year at 
a low cost of $69/tonne. The Southeast region benefits from 
abundant forestry resources and the availability of carbon 
crops that can be cultivated on marginal and abandoned 
land. Moreover, biorefineries in the Southeast region can be 
co-located with geologic storage areas, allowing for short CO2 
transportation distances.

Figure 6-44. Carbon Removal by Region. CO2-removal potential across different regions in the United States utilizing 2050 zero-
cropland-change biomass that could achieve 90% carbon-removal capacity (related to total biomass availability) at minimal cost 
($/tonne CO2). CO2 removal potential is calculated as net removal potential by taking into account all emissions from biomass 
growth, harvest, transportation, and conversion and CO2 capture, transportation, and injection. 
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Midwest (Upper and Lower Midwest): The Midwest region, 
which includes both the Upper and Lower Midwest, offers 
abundant biomass availability, particularly agricultural 
residue. We have estimated that a total of 119 million 
tonnes of CO2 can be removed annually in the Midwest (69 
million tonnes in Upper and 50 million tonnes in Lower). 
When comparing removal costs, the Lower Midwest exhibits 
a relatively lower cost of $96/tonne, whereas the Upper 
Midwest has a higher cost of $138/tonne. The primary 
reason for this cost difference is the higher biomass density 
in the Lower Midwest, resulting in lower feedstock-supply 
cost. However, note that the Lower Midwest lacks geologic 
storage, which necessitates the use of pipelines to reduce 
CO2-transportation costs compared to the Upper Midwest 
and other regions.

Our BILT results indicate that building gasification-to-H2 
biorefineries is the lowest cost option in both the Upper and 
Lower Midwest due to their high carbon-removal efficiency 

per tonne of biomass and the potential for substantial 
revenue from H2 production. However, existing fermentation 
biorefineries in this area may create opportunities for 
liquid-fuel production. Additionally, our BILT optimization 
suggests that moving biomass resources from the Midwest 
to the Gulf Coast can be more economical than transporting 
CO2. Alternatively, expanding CO2 trunk lines to connect with 
the main pipeline network could facilitate the establishment 
of more biorefineries in the Midwest. Wet-waste utilization 
in the Midwest is considerable due to the large quantities of 
manure available, particularly swine manure. 

Gulf Coast Areas (South Central, West Texas, and Florida 
Peninsula): Gulf Coast areas, such as the South-Central 
region, West Texas, and the Florida Peninsula, possess a 
substantial biomass supply and abundant geologic storage 
capacity. Collectively, they have the potential to remove a 
total of 181 million tonnes of CO2 per year (93 million tonnes 
in the South-Central region, 77 million tonnes in West Texas, 

Figure 6-45. Carbon-removal cost breakdown by region (Number in parenthesis represents total removal potential in million tonnes 
of CO2 per year). Average CO2-removal cost across different regions in United States utilizing 2050 zero-cropland-change biomass 
that could achieve 90% carbon-removal capacity (related to total biomass availability) at minimal cost ($/tonne CO2). CO2-removal 
cost includes costs for biomass collection and transportation, capital and operating costs for biorefinery, revenue from selling 
bioproducts, and costs for CO2 capture, transportation, and injection. 
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and 11 million tonnes in the Florida Peninsula). Removal costs 
in these regions range from $57/tonne (Florida Peninsula) to 
$86/tonne (South Central). The presence of geologic storage 
and pipelines plays a crucial role in facilitating cost-effective 
transportation of CO2.The low removal costs in the Florida 
Peninsula are due to biomass transportation and low biomass 
costs (e.g., due to high density of MSW). 

West Coast: The West Coast has abundant forestry resources, 
and the need for forest restoration to reduce wildfire risk. A 
challenge in this region is the limited availability of geologic 
storage for CO2. In the modeled BILT optimization, only 20% 
of the captured CO2 is directly injected in the region, adding 
more costs for CO2 transportation. Despite this limitation, 
the BILT optimization estimates a potential removal of 51 
million tonnes of CO2 per year in the West-Coast region. 
However, compared to other storage regions, the removal 
cost is relatively higher at $129/tonne. This is primarily due to 
higher biomass costs and the increased transportation costs 
associated with moving the CO2 to storage sites. To address 
the storage limitation, the BILT optimized solution moves 

Figure 6-46. CO2 transportation modes across different regions. Pie size and black-font value represent total net CO2-removal 
potential. Colors in the pie chart indicate different transportation modes: purple for truck, yellow for truck and rail, darker blue for 
pipeline, and light blue for direct injection and storage. Total net CO2-removal potential is estimated by utilizing 2050 zero-cropland-
change biomass that could achieve 90% carbon-removal capacity (related to total biomass availability) at minimal cost ($/tonne 
CO2).

biomass from the West Coast to the Central Valley and Rocky 
Mountain regions, which offer abundant geologic storage 
capacity. While the California Central Valley is closer to West 
Coast forestry biomass, constraints on biorefinery sizing and 
density in the BILT model meant additional biorefineries in 
the central valley could not be built. Therefore, the most 
economical location was the Rocky Mountain region.

Northeastern Cities: The Northeastern-Cities regions—
characterized by an intermediate amount of biomass 
resources and some available geologic storage —have the 
potential to remove approximately 31 million tonnes of CO2 
per year using existing biomass sources. Our results indicate 
that the Northeastern Cities could have among the lowest 
removal costs ($57/tonne CO2) among all regions due to 
two main factors: a significant amount of MSW as a low-cost 
feedstock and relatively low CO2-transportation costs in the 
region. A considerable amount of wet waste and existing 
biogas from landfills is available for carbon removal in the 
Northeast due to the high density of urban areas. 
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Capital Investments
Capital investments are a significant contributor to the 
levelized costs of BiCRS. Figure 6-47 shows the capital 
investment for each BiCRS technology at a capacity of 1000 
dry tonnes of biomass per day. HTL and fermentation are the 
most capital intensive due to the large number of complex 
operations. The levelized costs of removal for fermentation 
remain relatively competitive even with such high capital 
costs due to the high-value bioproducts generated, 
whereas HTL is relatively expensive due to the lower-value 
bioproducts. Gasification and pyrolysis are moderately 
capital intensive, involving a relatively small number of costly 
operations, as compared to fermentation which involves 
many costly operations. Combustion and sawmill facilities 
are relatively low capital intensity due to the low number 
of simple, low-risk operations. AD and fast pyrolysis for char 
and asphalt production have the lowest capital costs due to 
their small scales of operation and low number of simple 
operations. 

Limitations of this Study 
While we attempted to estimate supply and cost of CO2 
-removal accurately, we identified several areas where more 
in-depth analysis or more accurate input assumptions for 
specific regions may lead to significantly different results. 
Our assumptions about the operation of BiCRS facilities may 
overlook significant risks and opportunities. For example, 
the ability for biorefineries to adapt to biomass variability 
in the composition of a single feedstock is often cited 
as a major technical and commercial risk to large-scale 
deployment. Biomass variability can markedly influence 
process efficiency, consequently affecting the cost of carbon 
removal. To mitigate these uncertainties and reduce their 
impact on process efficiency, pretreatment methods or 
other adjustments to processing conditions are sometimes 
warranted. In our analysis, we assumed that biorefineries can 
accept multiple types of feedstocks, and we did not account 
for small differences in BiCRS process designs for these 
different feedstocks. To be conservative, we selected the most 
costly process designs as our baseline so that any feedstock 
can be handled. We also only considered a small range of 
biorefinery scales (from 1000 to 5000 tonnes biomass per 

Figure 6-47. Capital-investment 
costs for various BiCRS pathways 
based on a biorefinery with a 
biomass capacity of 1000 tonnes 
per day, presented in millions 
of $. Capital investment (millions USD)
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day), which does not represent the full range of biorefinery 
scales demonstrated today. For example, demonstrations are 
currently underway of mobile pyrolysis units that operate in 
the field on the order of 10 tonnes per day to reduce biomass 
and transport costs; we also note that some corn-ethanol 
facilities can reach scales of 10,000 tonnes per day [118].

Our analysis suggests that transportation costs for biomass 
or CO2 are not primary cost drivers in overall CO2-removal 
costs. However, we used average US transportation costs (see 
Chapter 5 –CO2 and Biomass Transport.); local labor costs 
may dramatically alter the cost breakdown for BiCRS. Similarly, 
we also did not capture any regional differences in the 
purchase prices of electricity, natural gas, or hydrogen, nor 
emission factors for electricity or co-product selling prices; 
regional differences in these assumptions could significantly 
affect the levelized cost of carbon removal. However, we did 
employ multi-year averages adjusted to cost-year 2022 to 
improve confidence and also captured regional differences in 
biomass prices. A limitation of our LCA was that we did not 
account for embodied emissions in the calculation of carbon 
removal, only direct and indirect emissions. (An alternative 
way to state this is that we assumed all manufacturing of 
equipment for biorefineries (steel, components, facility) is 
fully decarbonized in 2050.) Finally, we made assumptions 
about technical potential and market penetration that had 
significant impact on our results. We listed these assumptions 
in the text, but we want to highlight here that the technical 
limit of a 10% blend rate that we placed on bioasphalt greatly 
limited the apparent impact of this pathway due to our 
concerns of the technical blending level of bio-oil into asphalt, 
as well as limited data on carbon durability in asphalt. 

BiCRS through Socioeconomic 
and Environmental Perspectives 
The diversity of BiCRS feedstocks and conversion methods 
analyzed in this chapter each have opportunities for co-
benefits and potential negative impacts. In this section, we 
compare the trade-offs for each and highlight opportunities 
for the maximization of co-benefits and the avoidance 
or minimization of potential negative impacts (Table 
6-22). The key potential co-benefits for BiCRS-based CO2 
removal are creating economic value for waste streams 
that are otherwise disposed of in a manner that creates 
pollution—such as PM2.5-generating woody-waste burns 
or eutrophication of water supplies from excess manure 
application—and providing jobs for underemployed, skilled 
workforces [119-121]. By prioritizing counties with the 
highest woody-waste-burning-derived PM2.5 and nitrate 
pollution, persistent job-loss trends, and county reliance on 

relevant sectoral job losses, policymakers could maximize 
the environmental and economic co-benefits of BiCRS-based 
CO2 removal. The overarching potential negative impacts of 
BiCRS-based CO2-removal methods, however, are further 
entrenching pollution-inducing industries and inequitable 
siting of waste-based industrial facilities in vulnerable 
communities, which are least equipped for advocacy or 
emergency response. Without parallel development of 
community capacity to engage in project development 
from an informed place of power and the development of 
community-approved monitoring, reporting, and verification 
(MRV) guidelines, BiCRS facilities risk contributing to historical 
and ongoing environmental injustices in the United States 
(e.g., [122, 123]). By investing in community capacity building 
around BiCRS-based CO2 removal in regions highlighted 
by this report as having greater BiCRS-based CO2-removal 
potential, decision makers could increase community support 
for projects, which is key to this industry’s successful scale-up. 
Using renewable-energy projects as an analog, previous 
research has shown that if a project faces local opposition, 
there is an ~50% chance that it will be cancelled permanently 
and an ~34% chance that it will incur costly delays in 
permitting [124]. Due to the urgency of climate change and 
the potential that BiCRS has in helping the United States 
meet its CO2-removal goals, BiCRS projects cannot afford to 
waste time or resources with stoppage or delays. Thus, it is 
paramount that projects be strategically proposed in counties 
that have the capacity and interest to engage, with early 
engagement from the onset, and stand to maximally benefit 
from the project with minimal risk.

An average ‘EEEJ index’ value, presented here for each county 
and every feedstock as well as for industrial BiCRS facilities, 
could allow project developers to efficiently synthesize 
socioeconomic and environmental data relevant to DOE’s 
EEEJ goals [125], (for methods, see Chapter 9 – EEEJ). In 
these indices, values closer to 1 represent high opportunities 
for co-benefits and values closer to 0 represent lower 
likelihood for co-benefits and potentially greater challenges 
pertinent to EEEJ considerations. The impact of each variable, 
positively or negatively, on the overall EEEJ index value is 
presented in Figure 6-48. Following the construction of 
each index, a comparison to the Center for Disease Control’s 
‘Social Vulnerability Index’ (SVI) was conducted to assess 
for potential biases in the index toward vulnerable counties 
(Figure 6-49). Evaluating SVI alongside this report’s ‘EEEJ 
index’ may be useful for agencies and project developers 
in determining potential priorities, such as protecting a 
region’s most vulnerable communities from air pollution 
or careful considerations around developing an industrial 
presence in a county least equipped to respond to potential 
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negative impacts, if they occur. By assessing these indices 
alongside one another, we found a positive correlation 
between regional SVI and wet-waste feedstocks, which are 
predominantly driven by CAFOs, with only three outlying 
regions from this trend. This result indicates an abundance of 
manure wastes in some of the United States’ most vulnerable 
regions and that targeted capacity building to avoid further 
pollution entrenchment be undertaken to ensure just BiCRS 
scale-up in regions such as the Southeast, California Central 
Valley, and South Central. Dry wastes and MSW did not 
exhibit this same relationship, so BiCRS processing with 

these two feedstocks are potentially less likely to be sited 
with biases in vulnerable regions overall. BiCRS facilities, 
conversely, were optimized based on recent job-loss trends in 
relevant sectors and exhibited a weakly negative correlation 
with SVI, indicating that there are already regions with 
underemployed, skilled workforces with the social bandwidth 
to engage in BiCRS facility scale up, such as the Upper Rocky 
Mountains, Upper Midwest, and Lower Midwest. Closer 
examination of the socioeconomic and environmental 
contexts considered for each county identified here can be 
found in Chapter 9 – EEEJ.
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Figure 6-48. (A – D). Maps of the EEEJ indices for BiCRS feedstock sources (A – C) and feedstock-agnostic facilities (D). These EEEJ 
index values are depicted alongside variables that contributed, positively or negatively, to each index. The index is normalized from 
0 to 1, where higher values represent a potentially greater opportunity for socio-economic co-benefits, including reemployment of 
skilled workforces. Higher values also represent a smaller potential for negative impacts, such as further entrenching overly dense 
CAFOs or traffic/air pollution issues related to biomass transport – depicted by diesel-derived PM2.5.
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Figure 6-49. Map of EEEJ index for BiCRS facilities (blue) and the CDC’s Social Vulnerability Index (red) for the United States. The 
height of counties in this map represents potential capacity for CDR, relative to the average cost. The CDR potential:cost ratio 
reflected in the heights of counties were calculated based on the ‘90% removal target from zero cropland change’ scenario from 
the BiCRS summary’s Figure 6-37. The taller counties in the map have greater CDR potential: cost ratios. The map is annotated to 
reflect this report’s hypothesis around BiCRS: if a county has high opportunity for co-benefits and low social vulnerability, then they 
may be better poised to become early leaders in the practice. Similarly, counties with high opportunity for co-benefits, but also high 
social vulnerability, may benefit from investments in local capacity building to engage on the topic of BiCRS.
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Table 6-22. BiCRS Energy Equity and Environmental Justics (EEEJ). Trade-off tables for selected biomass types.

LOW-MOISTURE AGRICULTURAL RESIDUES AND WASTE

Potential Co-benefits to Communities & Options  
for Maximizing Potential Co-benefits

Potential Negative Impacts to Communities & 
Options for Minimizing Potential Negative Impacts

Improved air quality from less biomass burning
Focus BiCRS adoption to regions that extensively practice crop 
and rangeland burning to maximize air-quality improvements 
[119]. 

Competition for alternative uses of woody waste
Projects can strive to find synergy with existing programs that 
incentivize the use of woody biomass for the retention of soil 
moisture [126] 

 Increased fertilizer usage
Utilize cover-cropping strategies to maintain nutrients in the soil 
and reduce fertilizer costs [127]. 

Soil Loss
Removals can be kept within limits recommended by the US-
DA’s NRCS or the Revised Universal Soil-Loss Equation and the 
Wind-Erosion Prediction System [12].

Additional income for farmers
Compensation to farmers can cover not just the direct costs of 
residue production, but also the indirect costs from the loss of 
nutrients and soil health [128].

Traffic impacts from transport
Optimize for routes through regions not identified as being 
unduly impacted by traffic [129]

Direct job creation and/or retention
Develop BiCRS facilities close to the biomass source to provide 
additional long-term sustainable livelihoods to the local commu-
nity [130]. Focus on projects in which the existing workforce has 
expertise relevant to geologic carbon storage and are exposed to 
job loss from the net-zero transition [12].

Increased PM2.5 emissions from diesel trucks
Use zero-emission vehicles for trucking, especially in highly 
trafficked areas [131].

Indirect job creation and/or retention
Mirror the Build America, Buy America Act for non-federal 
projects to stimulate greater job growth in domestic manufac-
turing and induced jobs [132, 133]. Counties looking to support 
employment growth can consider the increase in new jobs 
correlated with activities similar to MSW diversion into a BiCRS 
facility [134]

Overpromised/unrealized performance
Perform baseline assessment such that results can be compared 
against a rigorous counterfactual [130].
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HIGH-MOISTURE AGRICULTURAL WASTE

Potential Co-benefits to Communities & Options  
for Maximizing Potential Co-benefits

Potential Negative Impacts to Communities & 
Options for Minimizing Potential Negative Impacts

Reduced nutrient pollution and eutrophication risk
Develop BiCRS hubs to share capital and transportation costs 
between local manure providers and incentivize use instead of 
dumping [135].

Persistence, entrenchment, or worsening of water pollution
Encourage adoption of nutrient management/separation 
through increased oversight or financial incentives to reduce 
over-application of nutrients to nearby fields by farmers [136].

Reduced CH4 emissions
Develop BiCRS hubs co-located with usage that limit the  
transport distance and opportunity for CH4 leaks [135].

Increased dominance of large industrial operations
Decrease systemic power imbalances by disseminating technical 
expertise, improving supply-chain access, and providing govern-
ment support to small- and medium-scale operations [137].

Direct job creation and/or retention
Develop BiCRS facilities close to the biomass source to provide 
additional long-term sustainable livelihoods to the local com-
munity. Focus on projects in which the existing workforce has 
expertise relevant to geologic carbon storage and are exposed to 
job loss from the net-zero transition [130, 138].   

Overpromised/unrealized performance
Perform baseline assessment such that results can be compared 
against a rigorous counterfactual [130].

Indirect job creation and/or retention
Mirror the Build America, Buy America Act for non-federal  
projects to stimulate greater job growth in domestic manufac-
turing and induced jobs [132, 133]. Counties looking to support 
employment growth can consider the increase in new jobs  
correlated with activities similar to municipal solid waste  
 diversion into a BiCRS facility [134].

Reduced hydrogen sulfide (H2S) pollution
Manure can be quickly moved to a BiCRS facility to minimize local 
H2S pollution. Sites using AD can consider additives (e.g., waste 
iron powder) that can reduce H2S generation while increasing 
biogas production [139].
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MUNICIPAL SOLID WASTE (MSW)

Potential Co-benefits to Communities & Options  
for Maximizing Potential Co-benefits

Potential Negative Impacts to Communities & 
Options for Minimizing Potential Negative Impacts

Reduced methane production in landfill
Recycling can be applied to the extent feasible, followed by 
diverting as much waste as possible from landfills to a BiCRS 
pathway [140].

Uncertain air emissions
Gasification or pyrolysis of MSW can be implemented instead 
of incinerators to reduce toxic residues [141]. Prior to commer-
cial-scale planning, air-pollution profiles from pilot facilities with 
representative waste streams can be documented alongside 
air-modeling studies [142]

Reduced pressures for new landfill construction
Land-limited communities with landfills nearing the end of their 
usable life [143] can prioritize development of a BiCRS facility 
that utilizes MSW [141].

Water demand
Preferentially gasify waste to hydrogen (instead of direct use for 
energy generation) to reduce water consumption [144].

Remediation of landfills
Landfills that have demonstrated leaching of pollutants into local 
waters can be remediated by treatment of MSW through a BiCRS 
facility [145].

Potentially viewed as deterrence to recycling
Set regulations or incentives to maximize viable recycling before 
implementing MSW-based BiCRS.

Preserved property values
Counties that are nearing the end of their landfill’s storage (EPA, 
202 3)  can prioritize implementing a BiCRS strategy with MSW as 
a feedstock to preserve property values, which have been shown 
to decrease as a function of proximity to a landfill [146].

Increased public distrust
Local officials and project developers can engage with the local 
community early in the design process [147].

Direct job creation and/or retention
Develop BiCRS facilities close to biomass sources to provide 
additional long-term sustainable livelihoods to the local commu-
nity (130). Focus on projects in which the existing workforce has 
expertise relevant to geologic carbon storage and are exposed to 
job loss from the net-zero transition [12, 138].

Overpromised/unrealized performance
Perform baseline assessment such that results can be compared 
against a rigorous counterfactual [130].

Indirect job creation and/or retention
Mirror the Build America, Buy America Act for non-federal 
projects to stimulate greater job growth in domestic manufac-
turing and induced jobs [132, 133]. Counties looking to support 
employment growth can consider the increase in new jobs 
correlated with activities similar to MSW diversion into a BiCRS 
facility [134].
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FORESTRY BIOMASS

Potential Co-benefits to Communities & Options  
for Maximizing Potential Co-benefits

Potential Negative Impacts to Communities & 
Options for Minimizing Potential Negative Impacts

Improved air quality
Divert forest and logging waste from areas of high burn  
probability [148] to BiCRS to reduce air pollution for downwind 
communities [149].

Competition for alternative uses of woody waste
Projects can strive to find synergy with existing programs that 
incentivize the use of woody biomass for the retention of soil 
moisture [126].

Local energy production for rural areas
Prioritize the use of woody biomass to reduce fossil-fuel-based 
energy and hydrogen production [150].

Water demand
Preferentially gasify waste to hydrogen (instead of direct use for 
energy generation) to reduce water consumption [144].

Improved wildlife habitat
Apply thinning techniques in a patchwork to foster the highest 
levels of diversity [151].

Uncertain impacts on soil
Perform pilot studies on targeted areas to assess soil impacts 
prior to full adoption, as results vary strongly between locations 
[152].

Direct jobs
Focus on counties with a declining logging workforce to yield the 
greatest employment co-benefits [150].   

Competition with timber industry
To avoid competition with timber markets, small-diameter trees 
from thinning and harvest residues can be prioritized for BiCRS, 
while commercially viable timber could enter the market [153].

Indirect jobs
An open-source economic model to forecast potential indirect 
job creation can be incorporated in pre-project community  
benefit discussions [154].

Mitigate drought Stress
In drought-prone areas, moderate-to-heavy thinning of basal 
area to improve growth of broadleaf trees during drought and 
post-drought recovery of conifers [155].  
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Conclusion
BiCRS Impacts on Land, Soil, and Carbon Removal in the 
United States

We have presented a range of land-use, biomass, and 
technology options where BiCRS can play a major role in 
large-scale CO2 removal in the United States, while helping 
to meet other regional and national goals. We found that 
the supply of BiCRS biomass can be increased significantly 
beyond current biogenic wastes and agricultural residues 
by planting carbon crops on non-cropland, thus avoiding 
commodity price increases. We found that a substantially 
higher CO2-removal potential is achievable with higher land-
use efficiency—both through BiCRS and through increased 
soil-carbon storage—if a small percentage of current cropland 

is converted to the production of carbon crops as described 
for our maximum-economic-potential assessment. Further 
study is needed to understand the level of risk for carbon 
leakage associated with conversion of current cropland in 
the United States. We present a summary of impacts in 
Table 6-23, showing tradeoffs in land use, soil carbon (see 
Chapter 3 – Soils), commodity-price impacts, and BiCRS’ 
carbon-removal potential. To realize the potential presented 
here, a broad range of stakeholders from communities, states, 
and regions will need to collaborate to overcome barriers to 
implementation; however, the United States has substantial 
biomass resources, and the 27 pathways we described can 
make significant impacts on US climate goals and are ready to 
scale today. 

Table 6-23. Summary of land area, soil, biomass, and CO2 removal potential impacts depending on modeled approach to BiCRS 
biomass. Table reflects annual CO2 removal potential from 90% removal targets with H2 price set at $2/kg. 

Biomass  
Assessment (2050) Land Area Change 

Carbon Crop 
Yield 

Commodity 
Price Increase 

Soil-Based 
CO2 Removal 

Potential 
Annual CO2 

Removal Potential in 2050

(Million Ha @ $73 
Dollars/Tonne)

(Million 
tonnes/year 

@ $73 Dollars/
tonne)

@ $73 Dollars/
tonne

(Million tonnes 
Cumulative 

Through 2050)

Million tonnes/ year from 
Optimized Pathway

(BiCRS + Soil  
Carbon= Total)

Baseline 0 0 0 0 693

Zero Cropland Change 29 133 0 18 899+4= 903

Maximum Economic  
Potential 25 297

6.2 % corn, 
11.5% wheat, 

8.3% soy
120 1219+ 6=1225
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