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Preface

On behalf of all the authors and contributors, it is a great privilege to present the 2016 Billion-Ton Report (BT16),
Volume 1: Economic Availability of Feedstocks. This report represents the culmination of several years of collab-
orative effort among national laboratories, government agencies, academic institutions, and industry. BT16 was
developed to support the U.S. Department of Energy’s efforts towards national goals of energy security and associ-
ated environmental and economic benefits.

As director of the U.S. Department of Energy’s Bioenergy Technologies Office, I would like to thank Alison
Goss Eng, the program manager of Advanced Algal Systems and Feedstock Supply and Logistics, and Mark
Elless, technology manager in the Feedstock Supply and Logistics Team, for their leadership. I would especial-
ly like to express gratitude to the report leads: Matthew Langholtz, Research Scientist at Oak Ridge National
Laboratory; Bryce Stokes, Senior Advisor of Allegheny Science and Technology; and Laurence Eaton, Research
Scientist at Oak Ridge National Laboratory.

This product builds on previous efforts, namely the 2005 Billion-Ton Study (BTS) and the 2011 U.S. Billion-Ton
Update (BT2).With each report, greater perspective is gained on the potential of biomass resources to contribute
to a national energy strategy. Similarly, each successive report introduces new questions regarding commercial-
ization challenges. BTS quantified the broad biophysical potential of biomass nationally, and BT2 elucidated the
potential economic availability of these resources. These reports clearly established the potential availability of up
to one billion tons of biomass resources nationally. However, many questions remain, including but not limited to
crop yields, climate change impacts, logistical operations, and systems integration across production, harvest, and
conversion. The present report aims to address many of these questions through empirically modeled energy crop
yields, scenario analysis of resources delivered to biorefineries, and the addition of new feedstocks. Volume 2 of the
2016 Billion-Ton Report is expected to be released by the end of 2016. It seeks to evaluate environmental sustain-
ability indicators of select scenarios from volume 1 and potential climate change impacts on future supplies.

Consistent with BTS and BT2, we identify potential biomass resources of one billion tons or more per year in the
United States. Recognizing this great potential, attention then logically turns to questions of how to mobilize this
resource. While bioenergy currently is the greatest single source of renewable energy in the United States, there are
still economic and technological barriers that limit efforts to mobilize biomass resources for more biofuels, bio-
power, and bioproducts. Energy crops in particular are wholly dependent on future market demand.

BT16 is not a final answer, but rather a step to help the nation develop strategies for realizing a broader bioeconomy
potential. At bioenergykdf.net, the reader can find online companion data sets and interactive visualization for all
biomass resources in this report. While we are confident in the rigor and depth of our analysis, the potential impli-

cations of our results have only begun to be assessed. We invite the user community to take a step forward and use
this report and associated data to perform further analyses, ask more questions, and inform strategies to mobilize
national biomass resources toward realization of a bioeconomy.

Jonathan Male

Director, Bioenergy Technologies Office

Office of Energy Efficiency and Renewable Energy
U.S. Department of Energy
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Executive Summary

Consumption of renewable energy in the United
States is the highest in history, contributing to energy
security, greenhouse gas reductions, and other social,
economic, and environmental benefits. The larg-

est single source of renewable energy is biomass,
representing 3.9 quadrillion of 9.6 quadrillion British
thermal units (Btu) in 2015 (EIA 2016). Biomass in-
cludes agricultural and forestry resources, municipal
solid waste (MSW), and algae.

For more than a decade, the U.S. Department of
Energy (DOE) has been quantifying the potential

of U.S. biomass resources, under biophysical and
economic constraints, for production of renew-

able energy and bioproducts. The 2016 Billion-Ton
Report: Advancing Domestic Resources for a Thriv-
ing Bioeconomy (BT16) evaluates the most recent
estimates of potential biomass that could be available
for new industrial uses in the future. BT16 consists
of two volumes: Volume 1 (this volume) focuses on
resource analysis—projecting biomass potentially
available at specified prices. Volume 2 evaluates
changes in environmental sustainability indicators—
water quality and quantity, greenhouse gas emissions,
air quality, soil organic carbon, and biodiversity—as-
sociated with select production scenarios in volume 1.
The following is a summary of BT16, volume 1:

Goals of the Analysis

BT16 is the third DOE-sponsored report to evaluate
biomass resource availability in the conterminous
United States. Each report addressed different goals.
The 2005 Billion-Ton Study (BTS) was a strategic
assessment of the potential biophysical availability of
biomass. It identified the potential to produce more
than one billion tons per year of agricultural and
forest biomass sources—sufficient to produce enough
biofuel to displace 30% of then-current petroleum
consumption. However, this biophysical potential
was not restricted by price, which is a key factor in

the commercial viability of bioenergy and biofuels
strategies.

The 2011 U.S. Billion-Ton Update (BT2) evaluated
the availability of biomass supply as a function of
price. Employing an economic model to simulate po-
tential biomass supply response to market demands,
BT2 evaluated the potential economic availability of
biomass feedstocks under a range of offered prices
and yield scenarios between 2012 and 2030. It again
projected the potential for more than 1 billion dry
tons of biomass per year to be potentially available
by 2030, assuming market prices of $60 per dry ton
at the farmgate or roadside (i.e., after harvest, ready
for delivery to a processing facility).

This report (BT16) builds on previous research to
address key questions:

*  What is the potential economic availability of
biomass resources using the latest-available yield
and cost data?

*  How does the addition of algae, miscanthus,
eucalyptus, wastes, and other energy crops affect
potential supply?

*  With the addition of transportation and logistics
costs, what is the economic availability of feed-
stocks delivered to the biorefinery?

Scope of Analysis

Building on previous analyses, BT16 (1) updates the
farmgate/roadside analysis using the latest available
data and specified enhancements; (2) adds more feed-
stocks, including algae and specified energy crops;
and (3) expands the analysis to include a scenario
study to illustrate the cost of transportation to biore-
fineries under specified logistical assumptions.

The analysis is applied to a range of biomass re-
sources. Currently used resources (biomass resourc-
es allocated to energy production) are described in
chapter 2 and include resources from agricultural
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EXECUTIVE SUMMARY

lands (grains and oilseeds for liquid fuels), forest-
lands (logging residues and forest thinnings for
pellets, heat, and power), and wastes (black liquor,
mill wastes, biosolids, and MSW for industrial sector
power). Forestland resources, evaluated in chapter
3, include logging residues and whole-tree biomass.
Agricultural land resources, addressed in chapter 4,
include crop residues, herbaceous energy crops, and
woody energy crops. The waste resources in chapter
5 include secondary and tertiary wastes from pro-
cessing agricultural and forestry products, and urban
wastes (e.g., mill wastes, grain hulls, manures).

The projections of potential biomass supplies in BTS
and BT2 were limited in scope to the farmgate or
forest roadside. As noted in the 2011 report, “It is im-
portant to understand that the estimates in the report
do not represent the total cost or the actual available
tonnage to the biorefinery. There are additional costs
to preprocess, handle, and transport the biomass”
(DOE 2011, xxiii). Chapter 6 of this report broadens
the scope of analysis with case studies to charac-
terize the potential economic availability of select
biomass resources as delivered to biorefineries.

Differences between the scope of this report and
earlier reports, as well as differences in data sourc-
es, are summarized in chapter 1. Demands for food,
feed, fiber, and timber are met before considering
the biomass resources for bioenergy and bioproducts
in this report. The simulation period for agricultural
and forestry resources in this report is 2015 to 2040.
Currently available resources are reported as those
present in 2015, unless otherwise specified. For
energy crops, the specified prices are applied nation-
ally for all years from 2019 to 2040. Algae biomass
is simulated under current productivities, 2014 costs,
and higher future productivities.

Although the economic availability of future algal
biomass is difficult to quantify, BT16 includes po-

xVviii | 2016 Billion-Ton Report

tential open-pond algal biomass production that may
be associated with select resource co-location op-
portunities—co-location with carbon dioxide (CO,)
from ethanol plants, coal power plants, and natural gas
plants. Biomass, and price ranges for that biomass, are
estimated for Chlorella sorokiniana (a freshwater strain)
and Nannochloropsis salina (a saline strain) in chapter
7. Costs for freshwater production assume that only
minimal lining is needed, whereas the costs of saline
production are estimated using minimal and full liners.

Roadside: Forest Resources
and Urban Wood Waste

Potential forest residues and forest thinnings were
quantified from an empirical model using forest
inventory and analysis data. Scenarios evaluated in-
clude combinations of housing demand (moderate or
high), wood energy demand (low, moderate, or high),
and plantation management intensity in the South
(moderate or high). At prices of up to $60 per dry ton,
103 million and 97 million tons per year of biomass
resources are potentially available from forestlands
in 2017 and 2040, respectively, in the base-case
scenario (all timberland, including federal lands). A
summary of currently used and potential additional
supplies from forestlands is shown in table ES.1.
These results represent a least-cost mix of resources
up to a specified level of demand. Spatial distribution
of the 97 million tons available at $60 per ton in 2040
are shown in figure ES.1.!

At the Farmgate:
Agricultural Supplies

Resources from agricultural lands include crop
residues and biomass energy crops. While energy
crops in BT2 were generalized to simulate energy
crop categories, switchgrass, miscanthus, energy
cane, biomass sorghum, willow, eucalyptus, poplar,



Figure ES.1 | Forest resource totals, 2040, $60 per dry ton or less, roadside (with federal lands, base-case

scenario)’'

L -
e
Y

Less than 10 dt/SgMile

® 10-100 dt/SqMile

and pine are simulated as individual crops in BT16.
Energy market demand for energy crops is simulated
starting in 2019.? Cellulosic biomass energy crop
yields were derived from an empirical model cali-
brated with agricultural field trial data from across
the United States. A base-case scenario assumes a 1%
annual yield improvement for energy crop genotypes
through the 2015-2040 simulation period; high-yield
scenarios assume 2%, 3%, or 4% annual energy crop
yield improvements and high-yielding corn. A $60
farmgate price offered over 25 years (offered from

" 100-500 dt/SqMile

=

@ 1,000-5,000 dt/SqMile

® 500-1,000 dt/sqMile

2015-2040 for residues, and from 2019-2040 for
energy crops) in the base-case scenario (1%) produces
a potential 588 additional million tons in 2040; a 3%
annual yield improvement scenario under the same
farmgate price and time horizon results in a poten-
tial 936 million tons in 2040.3 Farmgate resources
potentially available at specified market prices under
the base-case and high-yield scenarios, in addition to
currently used agricultural resources, are described in
table ES.1. The spatial distribution of the 588 million
tons potentially available at $60 or less in 2040 is
shown in figure ES.2.#

' Interactive visualization: https:/bioenergvkdf.net/billionton2016/1/3/tableau

2 BT2 assumed a 2014 start year for energy crops.

3 Farmgate supply results are similar in scale to those of the 2011 BT2. The potential biomass under the same price (offered from
2010-2030 for residues and from 2014-2030 for energy crops) was 580 million dry tons in the B72, and the 4% annual yield
improvement scenario at the same price and time horizon results in a potential 1.1 billion dry tons per year in the BT2.

4 Interactive visualization: https:/bioenergvkdf.net/billionton2016/1/3/tableau
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Figure ES.2 | Agricultural resource totals, base case, 2040, $60 per dry ton or less, roadside® @

P

Less than 10 dt/SgMile (100-500 dt/SqMile @ 1,000-5,000 dt/SqMile
® 10-100 dt/sqMile ® 500-1,000 dt/sqMile

Wastes

Estimates for agricultural wastes, forestry wastes,
and MSW were drawn from a variety of sources, as
described in chapter 5. Total supplies nationally of
potential waste resource above current uses range
from approximately 137 million dry tons to 142

million dry tons from 2017 to 2040 at $60 per dry ton
or less. Currently used and potential additional waste
resources are shown in table ES.1. The spatial distri-
bution of 132 million tons of MSW, secondary crop
residues, and manure (estimated available at roadside
at $60 per ton or less), is shown in figure ES.3.¢

5 Interactive visualization: https:/bioenergykdf.net/billionton2016/1/4/tableau

6 Interactive visualization: https:/bioenergykdf.net/billionton2016/1/5/tableau
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Figure ES.3 | Construction and demolition waste, and municipal solid waste resources, totals to 2040 up to
$60 per dry ton, roadside (excludes 10 million tons of fats and oils, data not available at the county level)’

LS

e b

Less than 10 dt/SgMile

@ 10-100 dt/SqMile

Combined Resources from
Forestry, Agriculture, and
Wastes

Combined forestry resources, agricultural resourc-
es, wastes, and currently used supplies potentially
available at $60 or less in select years are shown in
table ES.1.8 Combined resources total 1.2 billion tons
under the base-case scenario and 1.5 billion under
tons a high-yield scenario by 2040. Notably, re-
sources potentially available in the near term include
agricultural residues, wastes, and forest resources,

() 100-500 dt/SqMile

@ 1.000-5,000 dt/SqMile

@ 500-1,000 dt/SqMile

totaling 343 million tons in 2017 in the base-case sce-
nario. Conversely, energy crops shown are scarce in
the near term, but are the greatest source of potential
biomass in the future, contributing 411 million tons
and 736 million tons in 2040 under the base-case and
high-yield scenarios, respectively. Combined poten-
tial supplies from forestry, wastes, and agricultural
resources under the base case in 2040 are shown in
figure ES.4. Potential forestry, agricultural, and waste
biomass resources as a function of marginal and
average prices at the roadside in 2040 are shown in
figures ES.5 and ES.6.

7 Interactive visualization: https:/bioeneraykdf.net/billionton2016/1/5/tableau

8 Interactive visualization: https:/bioeneraykdf.net/billionton2016/1/1/table
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EXECUTIVE SUMMARY

Table ES.1 | Summary of Currently Used and Potential Forest, Agricultural, and Waste Biomass Available at $60
per Dry Ton or Less, Under Base-Case and High-Yield Scenario Assumptions (microalgae resources reported in
table ES.2)° @

Feedstock

Million dry tons

Currently used resources

Forestry resources 154 154 154 154
Agricultural resources 144 144 144 144
Waste resources 68 68 68 68
Total currently used 365 365 365 365

Potential: Base-case scenario

Forestry resources (all timberland)®® 103 109 97 97
Forestry resources (no federal timberland)=® 84 88 77 80
Agricultural residues 104 123 149 176
Energy crops® 78 239 41
Waste resources® 137 139 140 142
Total base-case scenario potential (all timberland) 343 449 625 826
Total base-case scenario (currently used + potential) 709 814 991 1,192

Potential: High-yield scenario

Forestry resources (all timberland)® ¢ 95 99 87 76
Forestry resources (no federal timberland)® ¢ 78 81 71 66
Agricultural residues 105 135 174 200
Energy cropsef 10 380 736
Waste resources® 137 139 140 142
Total high-yield scenario potential (all timberland) 337 483 782 1,154
Total high-yield scenario (currently used + potential) 702 848 1,147 1,520

Note: Numbers may not add because of rounding. Currently used resources are procured under market prices.

©

Forestry baseline scenario.

Forestry resources include whole-tree biomass and residues from chapter 3 in addition to other forest residue and other forest
thinnings quantified in chapter 5.

o

Energy crops are planted starting in 2019. Note: B72 assumed a 2014 start for energy crops.

The potential biogas from landfills is estimated at about 230 billion ft* per year as shown in table 5.12.

o

Forestry high-housing, high biomass-demand scenarios.

" The high-yield scenario assumes 3% annual increase in yield.

©

Interactive visualization: https:/bioenergykdf.net/billionton2016/1/1/table
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Figure ES.4 | Combined potential supplies from forestry, wastes, and agricultural resources, base case, 2040 @
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0 |nteractive visualization: https:/bioeneraykdf.net/billionton2016/1/2/tableau
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EXECUTIVE SUMMARY

Figure ES.5 | Potential forestry, agricultural, and waste biomass resources shown as a function of marginal and
average prices at the roadside In 2040 (base case)
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Figure ES.6 | Combined potential forestry, agricultural, and waste biomass resources shown as a function of mar-
ginal and average prices at the roadside for select years (base case)"
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Algae

Biomass estimates for algae grown in open dent on the algae strain, media, local meteorology,
and assumed productivities. Under current productiv-
ities and operational assumptions, biomass potential

for Chlorella sorokiniana in freshwater media is

pond-raceway systems using freshwater or saline
water sources were derived from a biophysical model

calibrated with algae production data and using costs

from an established techno-economic model. The estimated to be 12 million, 19 million, and 15 million

national biomass potential for algae co-located with dry tons for co-location scenarios with CO, from eth-

ethanol production plants, coal-fired power plants, anol production plants, coal-fired electric generating

and natural gas-fired power plants is highly depen-

" Interactive visualization: https:/bioenergykdf.net/billionton2016/1/9/tableau
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EXECUTIVE SUMMARY

units (EGUs), and natural gas EGUs, respectively.
Current productivities for Nannochloropsis salina in
saline media are potentially higher (table ES.2). Costs
(equivalent to minimum prices) for algae production
and dewatering to a 20% solids content are estimated
to range from $490 to $2,889 per dry ton depending
on production scenario (table ES.2). The broad range
of costs reflects regional annual productivity differ-
ences, as well as source of CO, and distance to that
source. The spatial distribution of potential co-lo-
cated algae production using saline water assuming
present productivities is shown in figure ES.7. A sum-
mary of the biomass available under other scenarios
is shown in table ES.2. (Interactive visualizations are
available for both.) Minimum prices are much lower
when future, higher productivities are used than when

current productivities are used in simulations. Mini-
mum prices of potentially available biomass are also
dependent on the extent of pond liner coverage (i.e.,
minimal [only covering corners prone to erosion] or
full). Cost savings from co-location are clear in many
regions of the country but are lower than cost savings
from doubling productivity or reducing liner costs.
Minimum prices per ton for algae are much higher
than those for terrestrial feedstocks, but algae has
potential for higher fuel yields per dry ton of biomass
than terrestrial feedstocks. Reducing the cost of algae
feedstock production is a research priority. However,
algae has other benefits, such as flexibility in land
and water requirements, use of less land for an equiv-
alent yield, and flexibility in coproduct options.

Figure ES.7 | Spatial distribution of potential co-located algae production (near-term saline scenario, prices rang-

ing from $755 to $2,889 per dry ton)® @

e
d

Less than 25K @ 50K to 100K

@ 25k to 50K 100K to 250K

@ 250K to 500K

@ Greaterthan™

@ 500K to1M

2 |nteractive visualization: https:/bioenergykdf.net/billionton2016/7/1/tableau
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Table ES.2 | Summary of Biomass Potential from Co-Location (million tons/year); Chlorella sorokiniana Is the
Example Algae Strain Grown in Freshwater Media, and Nannochloropsis salina |s the Example Algae Strain Grown in
Saline Media®

Range of
. Ethanol Coal Natural minimum
Scenario Total® .

plant GU gas EGU prices per

dry ton®
Present productivities, freshwater media 12 19 15 <46 $719-%$2,030
Present productivities, saline media 10 54 21 <86 $755-$2,889
Future productivities, freshwater media 13 10 0 <23 $490-$1,327
Future productivities, saline media 1 12 0 <24 $540-%$2,074

@ Totals are uncertain, because analyses of different co-location sources were run independently; therefore, some production facili-
ties that are close to multiple CO, sources may be double-counted.

® For Nannochloropsis salina, the range of minimum prices includes both minimally lined ponds and lined ponds. For Chlorella
sorokiniana, the range of minimum prices includes only minimally lined ponds.

Delivered Resources 54% of the supplies for the near-term, long-term
base-case, and long-term high-yield scenarios, re-

spectively, can be delivered at prices of $84 per dry
ton (including production, harvest, transportation,

Major categories of forest, agricultural, and waste
resources available at $60 per ton or less at the

s . . .
roadside’’ are included in the scenario analysis of and grinding) or less. When calculated as weighted

resources delivered to the throat of the biorefinery. average prices, 70%, 69%, and 84% of the near
, 0, 0, 0 -

This subset of the total potential supply includes 310, term, long-term base-case, and long-term high-yield

679, and 985 million dry tons in the near-term, long- . . . .
i . . scenarios, respectively, can be delivered at prices up
term base-case, and long-term high-yield scenarios,

) e to $84 per ton. Near-term and long-term base-case
respectively. Results indicate that 45%, 37%, and

results are shown in figure ES.8.

¥ Interactive visualization: https:/bioenergykdf.net/billionton2016/7/4/table
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Figure ES.8 | Marginal and weighted average costs ($/dry ton) of select herbaceous and woody feedstocks at the

roadside and delivered to the reactor throat (base case)
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BT16 results are generally consistent with BT2 and
BTS in terms of total potential supply. All three
reports show a potential supply in approximately 20
years of more than 1 billion tons of biomass annually.
It should be noted that prices for energy crops in this
report are simulated to begin in 2019, five years later
than simulated in BT2. Thus, the expansion of energy

xxViii | 2016 Billion-Ton Report

Long-term delivered (average cost) ~ =====* Long-term roadside (marginal cost)

crops is delayed 5 years from that of BT2. Energy
crops comprise approximately 400 to 700 million
tons of the total potential supply depending on the
scenario assumed. As with the BTS and the BT2,
realization of the potential described on this report is
contingent upon research, development, commercial-
ization, and markets.
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INTRODUCTION

1.1 Background

With the goal of informing national bioenergy and biofuels policies and research, development, and deployment
strategies, this report, the 2016 Billion-Ton Report: Advancing Domestic Resources for a Thriving Bioeconomy
(BT16), is the third in a series of national biomass resource assessments commissioned by the U.S. Department
of Energy (DOE). BT16 is composed of two volumes: Volume 1 (this document) is focused on biomass resource
analysis (i.e., the potential economic availability of cellulosic and other feedstocks under specified market scenar-
i0s). High-level results of volume 1 are generally consistent with the two previous Billion-Ton reports. In volume
1, supplies are quantified under specified sustainability constraints. Volume 2, to be published later in 2016, will
evaluate the potential environmental sustainability effects of selected production scenarios described in volume 1.

Improvements with each Billion-Ton report have advanced the analyses from a broad assessment of biomass
resources in 2005 to an assessment of the potential economic availability of biomass resources as delivered to
biorefineries in this volume of BT16. The first report, Biomass as Feedstock for a Bioenergy and Bioproducts In-
dustry: The Technical Feasibility of a Billion-Ton Annual Supply (generally referred to as the Billion-Ton Study
or 2005 BTS), was designed to provide a conservative estimate of national biomass resource potential. It identi-
fied more than one billion tons® of biomass resources from agricultural land and forestland, enough to displace
30% of 2005 U.S. petroleum consumption. The 2005 BTS was a national-level assessment with no distinct time
frame and no costing analysis. In response to the need for information regarding potential feedstock prices and
spatial distribution by feedstock type, in 2011, DOE published the U.S. Billion-Ton Update: Biomass Supply for
a Bioenergy and Bioproducts Industry (generally referred to as the U.S. Billion-Ton Update or 2011 BT2).

The 2011 BT2 advanced the analysis of the 2005 BTS by reporting potential future supplies under specified
market simulations, developed through modeling agricultural sector responses to potential feedstock prices.
Supply curves (i.e., supplies in response to prices) were presented under a range of biomass crop improvement
scenarios. These included a base-case scenario (1% annual improvement) and high-yield scenarios (2%, 3%, and
4% annual improvement). These yield improvement values, attributable to a mix of future biomass crop breed-
ing and enhanced management practices, were based on input from a series of workshops incorporating expert
input (DOE 2009). Under an assumed price of $60/dry ton, BT2 reported the potential availability of 1.1 billion
tons and 1.4-1.6 billion tons under the base-case and high-yield scenarios, respectively, by 2030. By 2022, a
range of biomass potential of 0.6—1.0 billion tons was estimated, three to four times the amount needed to meet
the advanced biofuels target (EPA 2015) for the same year (Langholtz et al. 2012). BT2 reported these supplies
as potentially available at the farmgate and forest roadside for agricultural and forest resources, respectively
(i.e., herbaceous crops baled and stacked, and woody feedstocks chipped and blown into a chip van, excluding
transportation costs). Specified secondary waste resources were also included. County-level results of BT2 anal-
yses were made available for download and visualization from the Bioenergy Knowledge Discovery Framework
(KDF) at bioenergykdf.net.

These results were used for a variety of analyses, including the DOE Bioenergy Technologies Office Multi-Year
Program Plan (DOE 2016), biorefinery sizing studies (e.g., Muth et al. 2014; Argo et al. 2013), and environmen-
tal studies (Parish et al. 2012; Baskaran et al. 2010; Jager et al. 2015). BT2 data from the Bioenergy KDF have
been downloaded more than 8,000 times, and the 2011 BT2 has been referenced in hundreds of peer-reviewed
publications (Web of Science 2015).

' Tons are reported as dry short tons throughout this report, unless specified otherwise.
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1.2 Advancements in
the Analysis Leading
to BT16

An explicit limitation of the 2011 BT2 was that the
analysis stopped at the farmgate or forest roadside for
agricultural and forestland resources, respectively. As
stated in the report, estimates did not represent the
total cost or the actual available tonnage of biomass
to the biorefinery (DOE 2011, xxiii). Questions were
raised regarding how transportation costs of biomass
feedstocks from the roadside to biorefineries may
impact the prices of delivered supplies, and therefore,
feedstock availability. Ongoing research and develop-
ment efforts—whether at DOE, other federal agen-
cies, or the private sector—require characterization
of the economic availability of biomass resources
delivered to biorefineries and not just to the roadside.

Text Box 1.1 | Major Enhancements
of the 20176 Billion-Ton Report

*  Two-volume approach: Volume 1, Economic
Availability of Feedstocks; Volume 2,
Environmental Effects of Select Scenarios

*  Scenario study of major biomass resources
delivered to biorefineries

« Additional sensitivity analyses and specified-
demand scenarios

* Interactive visualization of biomass supplies,
costs, types, and spatial distribution

« Addition of miscanthus, energy cane, poplars,
and eucalyptus as distinctly modeled crops

«  Biomass crop yields derived from empirical
model of 30-year climate average

«  Development and application of POLYSYS forest
module for primary forest resources

*  Supplies and prices of algae from co-located
production systems

2 Biogas from animal manures and landfills is analyzed in chapter 5.

While future economic availability of delivered bio-
mass resources will depend on local markets, regu-
lations, policies, spatial distribution of biorefineries,
and other factors, this BT16, volume 1, provides a
scenario study of feedstock supplies and prices as
delivered to potential biorefineries. This analysis can
be found in chapter 6, “To the Biorefinery: Delivered
Forestland and Agricultural Resources.” Although
generalized assumptions were made to evaluate
supplies and prices of delivered biomass, chapter 6
is a first effort at accounting for tradeoffs between
transportation costs and farmgate prices in quanti-
fying potential delivered biomass resources at the
national level.

Compared with BT2, this volume of BT16 also adds
other enhancements to improve the reliability of the
Billion-Ton analyses: (1) the addition of Miscanthus
X giganteus (hereafter “miscanthus”), energy cane,
poplars, and eucalyptus, and municipal solid waste
(MSW)? as distinctly modeled resources; (2) empir-
ical modeling of biomass crop yields on a 30-year
historical climate average; (3) evaluation of forest
biomass resources accounting for stand age-class dis-
tribution; and (4) addition of potential algal supplies
from co-location production strategies. Text box 1.1
presents a summary of enhancements in this report.
Table 1.1 is a comparison of this report with previ-
ous Billion-Ton reports. More detailed modifications
(e.g., crop budget updates, geographic distributions,
inflation adjustments) are specified throughout the
report. Unless otherwise specified, costs and prices
are reported as 2014 dollars.

1.3 Economic and
Policy Climate

Since the 2011 BT2, the U.S. economy has contin-
ued a sluggish recovery from the Great Recession of
2007-2010. From 2011 to 2015, the national unem-
ployment rate decreased from about 9% to about

5% (U.S. Bureau of Labor Statistics 2015), gross

2016 Billion-Ton Report | 3
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Table 1.1 | Comparison of BTS, B72, and BT16

Cost analyses

No cost analyses—just
quantities

Supply curves by feedstock
by county, costing at the
farmgate/forest landing

Costing both at the farmgate/
forest landing and at the
biorefinery delivery point

National estimates—no

County-level estimates with

County-level estimates with

Spatial scale spatial information aggregation t_o state, regional, regional a_naly% of potential
and national levels delivered supply
Long-term, inexact time 2012-2030 timeline 2016-2040 timeline
Time horizon horizon (2005, ~2025, and (annual time step) (annual time step)
2040-2050) P P
) 2 DA agricultural projec- .
2005 USDA agricultural 2002 USDA agricultural projec 2015 USDA agricultural
.. . tions; 2007 USDA Census; 2010 o
USDA projections projections; 2000 forestry FIA inventory: 2007 forestr projections; 2012 USDA
RPA/TPO Y, y Census; 2015 FIA inventory

RPA/TPO

Crop residue modeling

Crop residue removal
sustainability addressed
from national perspective;
erosion only

Crop residue removal sustain-
ability modeled at soil level
(wind and water erosion,
soil carbon)

Crop residue considered in
scenario of integrated land-
scape management

Environmental
constraints and impacts

Erosion constraints to
forest residue collection

Greater erosion plus wetness
constraints to forest residue
collection

Similar constraints assumed in
volume Tas in B72. Volume 2
will feature evaluation of key
environmental sustainability
indicators of select biomass
production scenarios from
volume 1.

Data reporting format

No external data

County-level data as a function
of farmgate price and scenario

County-level data, plus online

companion data available for

interactive visualization linked
to select figures and tables

USDA = U.S. Department of Agriculture; RPA/TPO = Resources Planning Act/Timber Product Output; FIA = Forest Inventory and Analysis

domestic production increased by about 7% (U.S.
Bureau of Economic Analysis 2015), and construction
increased by about 2% (U.S. Census 2015). A factor
in this recovery was low energy prices. According to
the U.S. Energy Information Administration (EIA),
between 2011 and 2015, national average oil pric-

es dropped from about $90 to $55 per barrel (ETIA
2015c¢), gasoline prices dropped from about $3.50 to
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$2.20 (EIA 2015d), and natural gas prices remained
low, decreasing from about $5.00 to about $3.00 per
thousand cubic feet (EIA 2015b).

The Energy Independence and Security Act of 2007
(EISA) was enacted to promote the use of domes-
tic biofuel and to help mitigate oil price volatility
(see text box 1.2). When EISA was enacted, gaso-
line consumption had been increasing consistently.



However, the downturn in the economy reduced total
vehicular miles traveled, and new Corporate Average
Fuel Economy standards have increased global fuel
economy. The net impact is that gasoline consump-
tion hit a peak in 2007 at about 139 billion gallons
and declined for several years but is increasing once
again (EIA 2015a).

Text Box 1.2 | Energy Independence
and Security Act of 2007

EISA was enacted “to move the United States
toward greater energy independence and security, to
increase the production of clean renewable fuels ...”
(EISA 2007). EISA instituted RFS2, which mandated
the use of renewable fuels, including conventional
and advanced biofuels. RFS2 categorizes biofuels as
the following:

e Cellulosic ethanol, including all ethanol derived
from cellulose, hemi-cellulose, or lignin with at
least a 60% reduction in greenhouse gas (GHG)
emissions

*  Biomass-based diesel, including biodiesel and
renewable (or green) diesel, with a 50% or
greater reduction in emissions

e Other advanced biofuels, such as butanol,
renewable jet fuels, or drop-in biofuels derived
from renewable biomass with at least a 50%
reduction in emissions

*  Conventional biofuels or corn-based ethanol.

The renewable volumes mandated by RFS2 in each
category are shown in figure 1.1. A total of 36 billion
gallons of renewable fuel is required in 2022, with
conventional biofuel capped at 15 billion gallons.
Advanced biofuels, including cellulosic ethanol and
biomass-derived diesel increase to 21 billion gallons
in 2022. All volumes are on an energy equivalent
basis with ethanol, except for biodiesel, which is the
actual volume.

The vast majority of ethanol consumption is through
the use of E10 (10% ethanol in gasoline), and virtual-
ly all motor gasoline sold in the United States is E10
(EIA 2015a) (see also chapter 2, section 2.3). Both
E15 and E85 have been available in the market since
the early 2000s but with limited use. This combina-
tion tends to set an upper limit on the amount of eth-
anol that can be easily used in the United States—the
so-called “blend wall”—at about 13 billion gallons.
The blend wall, coupled with delays in producing
cellulosic fuels and the difficulty of commercializ-
ing these new advanced biofuels, has prevented the
consumption of cellulosic ethanol and other advanced
biofuels at the original volumes outlined in the
Renewable Fuel Standard (RFS2), although in 2015,
biogas and cellulosic ethanol are available.

Biobased diesel fuel is not subject to the gasoline
blend wall, and its use has been steadily increasing
since the passage of EISA. In fact, the 2015 renew-
able fuel obligation for biodiesel is greater than
originally mandated in 2007 (EPA 2015).

Renewable identification numbers (RINs) are as-
signed to all renewable fuels produced in the country
or imported and are used to ensure and track com-
pliance with RFS2 mandates. Refiners and importers
are obligated parties and meet their renewable fuel
obligations through the renewable volume obligations
(RVOs) that are assigned and tracked by the U.S.
Environmental Protection Agency (EPA). RINs can
be attached to or separated from the original renew-
able fuel and can be banked or traded for obligated
parties to meet their RVOs. The original targeted
volumes and the annual RVOs found in RFS2 since
the passing of the law are listed in table 1.2. Figure
1.1 plots the original targeted volumes, which include
an increase in cellulosic ethanol from 2012 to 2022.

Feedstock prices simulated in the 2011 BT2, and as-
sociated potential biomass production, have not been
fully realized to date at a national level. The slow
economic recovery, increased vehicle fuel economy;,
and difficult market conditions have caused down-
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Figure 1.1 | RFS2 original mandates by biofuels category

o Conventional biofuel capped at 15 billion gallons per year.

35

o Conventional biofuels must show greenhouse gas reduction

of 20%.

30 o Advanced biofuels must show reduction of 50%.

o All volumes are ethanol equivalent, except biodiesel,

25 which are actual.

20
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©® Conventional ® Biodiesel

biofuel

ward pressure on biofuels development. In addition,
risk aversion has constrained investment in biofuels
commercialization. Although risk-management strat-
egies have been proposed (Langholtz et al. 2014),
advanced biofuels incur a variety of risks across the
supply chain, including but not limited to technology
risks, extreme climatic events, agronomic challenges,
resource competition, and market volatility.

1.4 Toward
Commercialization

The commercialization of biomass resources requires
viable markets for multiple products. Biomass is in-
creasingly seen as a valuable domestic resource that
not only can displace imported petroleum through
domestic biofuels production, but also be used to pro-
duce biopower and bioproducts (including chemicals
and materials). A thriving bioeconomy would utilize

6 | 2016 Billion-Ton Report

2015 2020

Other advanced
biofuels

@® Cellulosic ethanol

domestic biomass resources available and convert
them to a wide array of renewable chemicals and
other products, transportation fuels, and fuel for pow-
er production. The impact would be substantial in
terms of environmental benefits, with reduced GHG
emissions from biofuels, bioproducts, and biopower;
energy security with increased domestic production
of fuels and renewable chemicals; and economic ben-
efits through the development of biorefinery conver-
sion facilities and markets for rural crops, residues,
and wastes. Bioproducts offer substantial economic
opportunities and could enable the development of
the nascent advanced biofuel industry. It is important
for a growing bioeconomy to provide viable markets
that encourage the development of sustainable bio-
mass resources. These markets would provide addi-
tional local environmental benefits such as improved
water quality, reduced fertilizer loadings, improved
land utilization, and more-sustainable agriculture and
timber resources overall.



A large-scale bioeconomy vision using resourc-

es quantified in this report is contingent upon the
development of markets offering prices simulated in
the analyses. Innovations across the feedstock and
biofuels supply chain can help mobilize production,
harvest, delivery, and commercialization of these
feedstocks toward realization of this vision.

1.5 BT16 Volume 1
Organization

This first volume of BT16 focuses on the potential
economic availability of biomass feedstocks under
specified market scenarios. Chapter 2 quantifies
currently used biomass resources (e.g., wood pellets,
transportation fuels, heat and power, and anaerobic
digestion). Chapters 3 and 4 quantify forestland and
agricultural land resources, respectively, and report

potential economic availability at the forest roadside
and at the farmgate, consistent with the 2011 BT2.
Results from chapters 3 and 4 are combined with
select waste resources from chapter 5 to characterize
feedstocks delivered to potential biorefinery locations
in chapter 6. Algal resources potentially available
through resource co-location strategies are consid-
ered separately in chapter 7. Volume 1 results are
summarized in chapter 8. Figure 1.2 illustrates the
taxonomy of the evaluated biomass resources. Figure
1.3 illustrates three main price stages across the bio-
mass supply chain and chapters associated with each
step. Similar figures are used throughout the report to
specify stages in the supply chain associated with the
various chapters.

A key feature of this report is the companion online
visualization and data delivery via the Bioenergy
KDF. Select figures include hyperlinks to direct

Table 1.2 | Original RFS2 Targeted Volumes and the Annual RVOs (billion gallons per year)

Advanced biofuels

Other
advanced
biofuels

Biomass-

Cellulosic ethanol .
based diesel

Original/
adjusted

Original/
adjusted

Original/
adjusted

Total

Conventional
renewable

Total
advanced
biofuels

Conventional | Renewable
biofuels fuel

Original/
adjusted

Original/
adjusted

Original/
adjusted

20M 0.25 0.0066 0.80 1.20 0.30 014 1.35 135 1220 1260 1395 1355
2012 0.50 0.00865 1.00 1.00 0.50 0.99 200 200 1320 1320 1520 1520
2013 1.00 0.0060 1.00 1.28 0.75 1.46 2.75 275 1380 1380 1655  16.55
2014 1.75 0.0330 1.00 1.63 1.00 1.01 3.75 267 1440 136l 1815 16.28
2015 3.00 01230 1.00 1.73 1.50 1.03 5.50 288 1500 1405 2050 16.93
2016 4.25 0.2300 1.00 1.90 2.00 1.48 7.25 361 1500 1450 2225 187

Source: Data from EPA (2015).

Note: Quantities in billion gallons per ethanol equivalent, except biodiesel, which is the actual volume.
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Figure 1.2 | Taxonomy of biomass resources evaluated in BT776
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Figure 1.3 | Schematic of biomass resource supply chain, example operations, feedstock condition, cost stages,

and chapter scopes

Grower payment,
stumpage price,
procurement price

Production

Site preparation, planting,
cultivation, maintenance,
profit to landowner

Example
operations:

Format: In the field or forest,

Chapters: (3) At the Roadside, Forestland Resources; (4) At the
Farmgate, Agricultural Residues and Biomass Crops; (5) Waste

Resources; and (7) Microalgae

online readers to dynamic visualizations generat-
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effort across multiple national laboratories in col-
laboration with the U.S. Department of Agriculture
(USDA) is evaluating changes in key sustainability
indicator categories, including soil quality, water
quality and quantity, biodiversity, GHG emissions,
and air quality (based on McBride et al. 2011). The
analyses are being applied to resources derived from
both agricultural lands and forest lands. The sustain-
ability of algal biomass production will be considered
qualitatively. Weather variability and climate change
impacts, land use and land management changes,
tradeoffs among aspects of sustainability, and strate-
gies to enhance environmental sustainability will also
be discussed.
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BIOMASS CONSUMED IN THE CURRENT BIOECONOMY

2.1 Introduction

This chapter reviews and expands upon the large variety of biomass-based resources identified in the 2005 BTS
and 2011 BT2 that are currently used for fuels, heat, and power production. Biomass is a feedstock for a broad
range of primary and secondary energy applications, from home heating to industrial power generation. This
section will review primary energy consumption, along with a compilation of estimates of secondary biomass
consumption, with attention to the quantification of biomass as a feedstock for energy uses.

Text Box 2.1 | Data Sources and Definition of Currently Used Resources

In this chapter, 2014 values of biomass energy consumption are used as much as possible; however, the wood-
derived energy, MSW, and landfill gas values from EIA’s 2015 Electric Power Annual are from 2013. These values were
chosen as the best and most current source of data.

The Electric Power Annual was selected, as opposed to EIA's Monthly Energy Review, because it breaks down the
feedstock categories to a more granular level and attributes energy to both electric and thermal end uses (unlike
the Monthly Energy Review). The Electric Power Annual also provides information regarding MSW and landfill gas in
thousand dry tons and million cubic feet, respectively.

In the 2011 BT2, projections of biomass consumption from EIA’s Annual Energy Outlook provided the basis for
growth in supply for existing biomass-to-energy pathways (EIA 2015a). This report deviates from this approach
using two simplifying assumptions about future demand and supply. First, it is assumed that demand is constant

for all existing uses identified in this chapter throughout the projection period to 2040. Second, future supply of
biomass to meet existing uses equals demand. The representation of “currently used resources” in reporting the
billion-ton potential is reported alongside potential future supply to highlight the growth in biomass potential supply
without confounding estimates of growth in demand from biomass energy.

As shown in figure 2.2, cumulative renewable energy
consumption has increased steadily since 2001, driv-
en by growth in biofuels, wind, and solar production.
It is interesting that the composite renewable ener-

gy total correlates closely with the largest sources,
hydroelectric and biomass, up until 2001; after that, it

2.2 Primary Energy
Consumption

According to EIA, combined energy consumption
rose from a low of 76 quadrillion Btu in 1985 to a

high of 101 quadrillion Btu in 2007 (EIA 2015b; see
fig. 2.1). Around 2006, there is a clear inflection point
marking downward trends in the use of coal and
petroleum. Natural gas has shown the largest growth,
although biomass, wind, solar, and other renewables
are also trending upward. The use of renewable
energy will continue to increase as the United States
attempts to meet emissions reduction targets and tran-
sition toward a more diverse energy portfolio.
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grows according to the expansion of biofuels produc-
tion from 2001 to 2014. Figure 2.3 provides a view
of the 15-year historical consumption levels for the
major components of renewable energy and a cross
section of 2014 consumption by source.

Biomass-based energy as a composite category
of wood (23%), waste (5%), and biofuels (21%)
contributes 50% of 2014 consumption.



Figure 2.1 | Primary energy consumption by source (1985-2014)
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Figure 2.2 | Primary renewable energy consumption by source and total consumption (1985-2014)
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Figure 2.3 | Primary renewable energy consumption by source (2001-2014)
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Hydroelectric energy consumption follows with 26%
of renewable energy consumption, followed by wind
(18%), solar (4%), and geothermal (2%). Current
consumption will be explained in more detail in the
following sections.

2.2.1 Estimates from Previous
Assessments

The 2005 BTS reports domestic biomass consump-
tion for energy at 184 million dry tons per year based
upon 2004 energy consumption. In the 2011 BT2,
biomass consumption for energy increased to 214
million dry tons, with the increase largely attribut-
ed to biomass for ethanol as a transportation fuel.

16 | 2016 Billion-Ton Report

® Wood Waste

@ Solar/Photovoltaic

These estimates understate the amount of biomass
for energy as a result of incomplete reporting of

all biomass-to-energy pathways. In this report, the
approach to estimating the currently used sources of
biomass for energy has been expanded and improved
to include greater detail for biopower and secondary
feedstocks contributing to energy generation in the
industrial sector. Additionally, greater detail is includ-
ed based on publicly available bioenergy feedstock
production and energy use statistics, particularly for
emerging consumption classes. In each section, the
amount of product is reported from an estimated
biomass feedstock quantity. In many cases, conver-
sion factors are assumed based upon technical values



from industry, academic literature, and generally
accepted renewable energy modeling assumptions.
In this approach, the estimates are “bioenergy equiv-
alent” amounts. All conversion factors to support the
reported bioenergy production amounts are listed in
appendix A.

2.2.2 Spatial Distribution of
Biomass Consumption

The current locations of facilities using biomass for
energy and energy products are tightly coupled with
the locations of the raw biomass sources (fig. 2.4).
The current bioenergy economy is the most efficient
in history, yet the majority of commercial applica-

tions reflect conventional systems based largely upon
starch and waste resources with passive feedstock
quality controls. The largest industry consumers of
biomass are producers of corn-grain-based ethanol
located throughout the Corn Belt, Northern Plains,
and Southern Plains. The second-largest biomass use
is production of electric and industrial power from
wood and wood waste. Wood waste consuming facili-
ties are clustered within the Southeast region, but
facilities that consume woody biomass are located
across the Lake States, Northeast, and Pacific.

The greatest distribution of incinerators burning
MSW occurs near population centers predominantly
in the Northeast, where most of the 84 current facil-

Figure 2.4 | Spatial distribution of facilities that consume biomass for energy or energy products, by
nameplate capacity in million bioenergy equivalent dry tons per year

Source: Data from EIA (2015d); Forisk Consulting (2014); Biodiesel Magazine (2015); EIA (2015e); EPA (2015a); Renewable Fuels

Association (2015).

! Interactive visualization: https:/bioeneraykdf.net/billionton2016/2/2/tableau
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ities exist (ERC 2014). Smaller classes of biomass
consumption are bagasse from sugar cane process-
ing, agricultural byproducts, and a rapidly growing
sector of wood pellets for export (wood pellets are
discussed in detail in chapter 3). Figure 2.4 includes
a nationwide map showing the major facilities that
consume biomass for energy or energy products. The
points representing facilities vary in size by the annu-
al nameplate generation capacity in tons of bioenergy
equivalent biomass per year.?2 The methodology used
to generate the capacity is described in appendix A.

2.3 Transportation
Fuels

The current primary biomass sources for liquid
transportation fuels are predominantly corn grain

for ethanol and soybean oil for biodiesel. In gener-

al, technologies that convert accessible sugars via
fermentation for corn grain and transesterification

for soybean oil to transportation fuel for blending are
referred to as “first generation.” Ethanol is consumed
primarily as motor fuel in the form of E10 (10% de-
natured ethanol by volume, 90% petroleum), and E15
(15% denatured ethanol) in 2001 and newer light-du-
ty vehicles only. Flex-fuel vehicles can also take E85
(up to 85% ethanol). However, the overwhelming
majority of ethanol (more than 99%) is sold as E10.
E10 is essentially ubiquitous; so for more ethanol

to enter the market, blends higher than 10% would
need to be sold. The most common forms of biodiesel
blends are B5 or B20 (5% and 20% biodiesel blended
with petroleum); however, B100 (100% biodiesel)
can be used by certain vehicles.

Under RFS2, EPA provides aggregated monthly data
on RIN transactions and renewable fuel volume pro-
duction. These data are used to determine current ac-
tual volumes for the production of ethanol, biobased
gasoline blendstocks/naphtha, biobased jet/aviation

fuels, biobased diesel and heating oil, and biogas/
compressed natural gas (CNG)/liquefied natural gas
(LNG). These biofuel volumes are converted to ton-
nage and cross-referenced with reported information
based on the USDA Feed Grains Database (USDA
2015) and the EIA Monthly Biodiesel Production
Report to estimate the biobased fuel production by
feedstock category, as shown in tables 2.1 and 2.2.

The following sections discuss current biobased fuel
production and describe the references and assump-
tions used to estimate the amount of biomass resourc-
es consumed in conversion.

2.3.1 Fuel Ethanol

The rise in ethanol as a liquid transportation fuel in
the early 2000s was due to its replacement of MTBE
(methyl tert-butyl ether) as an oxygenate. The 2005
Energy Bill (including the RFS1) and EISA (includ-
ing the RFS2) mandated an increase in the amount
of corn grain-derived ethanol in fuel mixes. About
90% of corn ethanol is produced by the dry milling
process (the other 10% comes from wet milling). In
the past, the starch fraction was used to produce eth-
anol and the residual fractions were used to produce
distillers grains (an animal feed). Preliminary reports
as of November 2015 from the Agricultural Mar-
keting Resource Center at lowa State estimate that
43.64 million dry tons of dried distillers grains were
produced in 2014 (Hoque and Hart 2015).

In 2014, renewable fuel ethanol production was 14.1
billion gallons. Mueller and Kwik (2013) report

that dry mills produce an average of 2.82 gallons of
ethanol per bushel of corn. At 56 1b of shelled corn
per bushel and a 15.5% moisture content, this equates
to 118 gallons/dry ton of corn (Rankin 2008). Thus,
14.1 billion gallons of ethanol at 118 gallons/dry ton
represents about 120 million dry tons of corn (EPA
2015b). The USDA Feed Grains Database reports

5.2 billion bushels of corn were consumed in 2014 to

2 Note that each state has one point representing residential power generation in the form of home heating. Facility data is repre-

sented for the most recent year of reporting, either 2014 or 2015.
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Table 2.1 | Biobased Fuel Production in the Current Bioeconomy (million gallons)

Biomass resource EERl Diesel/ Biogas,
category blendstock/ heating oil CNG, and

naphtha LNG
Corn grain 14,106.81 - - 14,106.81
Vegetable oils - - 1,47112 1,47112
Other fats, oils, and B B 505.42 505.42
greases
Feed for gasoline

12. - 12.

blendstock/ naphtha? 09 09
Landfill gas - - - 52.95 52.95
Total 14,106.81 12.09 1,976.54 - 16,095.44

2Gasoline blendstocks and naphtha can be produced from a variety of feedstocks, including agricultural residues, forest residues,
biogenic MSW, yard wastes, biogas, energy grasses, oil seed plants, and other cellulosic materials.

Table 2.2 | Biomass Consumed for Fuel Production in the Current Bioeconomy (million bioenergy equivalent dry tons)

Biomass resource EERl Diesel/ Biogas,
category blendstock/ heating oil CNG, and
naphtha

Corn grain® 119.55 - - - 119.55
Vegetable oils - - 5.51 - 5.51
Other fats, oils, and B B 189 ) 189
greases
Feed for gasoline

22 - - 22
blendstock/ naphtha® 0 0
Landfill gas¢ (bcf) - - - 9l 914
Total 119.55 0.22 7.40 - 12717

bcf = billion cubic feet

2Corn grain consumed for ethanol production also creates 43.64 million dry tons of dried distillers grains (Wisner 2015).

®Gasoline blendstocks and naphtha can be produced from a variety of feedstocks, including agricultural residues, forest residues,
biogenic MSW, yard wastes, biogas, energy grasses, oil seed plants, and other cellulosic materials.

‘Bioenergy equivalent dry ton contributions from landfill gas are not added into the totals shown.
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produce alcohol for fuel use, which at 56 Ib of shelled
corn per bushel and a 15.5% moisture content equates
to 123 million dry tons of corn (USDA 2015). This
value results in a slightly lower ethanol yield of 2.71
gallons per bushel, or 115 gallons of ethanol per dry
ton. The 2% discrepancy between the number of dry
tons of corn calculated from the RFS and that report-
ed from the USDA Feed Grains Database is attribut-
able to real-life variability in the assumed conversion
efficiencies and feedstock moisture contents. Conver-
sion efficiency has been rising over time, but there

is an upper limit on the conversion rate based on the
carbohydrate fraction of corn. Dry mills have also be-
come more sophisticated, and most now also extract
corn oil, which is used for either biodiesel production
or animal feed.

Advanced technology now enables the production

of ethanol from cellulosic biomass, including crop
wastes, woody biomass, grasses, sorted MSW, and
other sources. From 2013 to 2014, three pioneering
facilities came online as first-of-a-kind integrated
biorefineries capable of efficiently converting a broad
range of biomass feedstocks into commercially viable
second-generation biofuels, biopower, and other
bioproducts. INEOS Bio’s Indian River Bioenergy
Center near Vero Beach, Florida, converts yard and
wood waste into cellulosic ethanol.* POET-DSM’s
Project LIBERTY in Emmetsburg, lowa, converts
corn stover into cellulosic ethanol. Abengoa Bioen-
ergy’s biorefinery in Hugoton, Kansas, converts agri-
cultural waste into cellulosic ethanol and renewable
electricity.* In 2014, RFS2 reported the production of
728,000 gallons of cellulosic ethanol biofuel, which
at 85 gallons per ton equates to about 10,000 tons of
biomass. Combined, the three facilities mentioned are
expected to take in up to 860,000 tons of agricultural
residues and wood wastes to produce up to 53 million
gallons of cellulosic ethanol and 27 MW of renew-

able electricity per year. These facilities may pave the
way for additional investments in cellulosic ethanol,
helping to advance U.S. competitiveness in clean
energy technology while providing American farmers
with an additional revenue stream.

2.3.2 Biodiesel

The second-largest type of liquid transportation fuels
is biodiesel from vegetable oils, fats, and greases.
Soybean oil makes up a little more than 50% of the
feedstock for biodiesel. At present, about 25% of
U.S. soybean oil production is used for biodiesel.
Other feedstocks include yellow grease, canola oil,
corn oil, white grease (lard), tallow, other recycled
oils, poultry fat, other vegetable oils, palm oil, and
miscellaneous other sources (EIA 2015¢). Production
in 2014 was 1.24 billion gallons, and the production
capacity by the end of 2014 rose to 2.1 billion gallons
(EIA 2015c). Although, historically, biodiesel has been
produced via a chemical transesterification process,
other technologies are also being used, such as enzy-
matic transesterification and hydrotreating. Hydro-
treated oils and fats are called “renewable diesel,” as
opposed to biodiesel. Although biodiesel and renew-
able diesel can be made from the same feedstocks,
biodiesel is chemically different from petrodiesel and
renewable diesel because it contains oxygen atoms.

In 2014, EPA reported the production of 1,489
million gallons of biodiesel, 488 million gallons of
non-ester renewable diesel, and 5,000 gallons of
cellulosic diesel. Additionally, EPA reported 71,000
gallons of renewable heating oil and 50,000 gallons
of cellulosic heating oil (EPA 2015b). Depending on
the feedstock and conversion technology, the con-
version rate may vary. We assume a conversion rate
of 7.5 1b of oils/fats per gallon of biodiesel (or 267
gallons per ton) for biodiesel, renewable diesel, and

3 Biofuels policy at the federal level dictates the eligibility of fuels to qualify for various subsidies and credits, such as RINs for
advanced biofuels. Qualification is based upon a host of environmental performance and quality characteristics, one of which is

the definition of eligible feedstocks.

4 At the time of report publication, this plant was idle.

20 | 2016 Billion-Ton Report



renewable heating oil, and 56 gallons per ton for the
conversion of cellulosic biomass to diesel or heating
oil. Based on these assumptions, it is estimated that
more than 7.4 million tons of soybean oils, animal
fats, and waste oils and nearly 1,000 tons of cellulos-
ic biomass were consumed in 2014 for the production
of fuel and heating oil. Cellulosic diesel production is
entering the fuels market in small amounts. In 2014,
the combined production of cellulosic diesel (for
electric vehicle applications), renewable heating oil,
and cellulosic heating oil was approximately 126,000
gallons from an estimated 2,265 dry tons of biomass.

2.3.3 Renewable Gasoline
Blendstocks and Naphthas

Renewable gasoline blendstocks and naphthas repre-
sent a small but promising source of liquid transpor-
tation fuels. Renewable gasoline can be made from a
variety of feedstocks, including agricultural residues,
forest residues, biogenic MSW, yard wastes, biogas,
and other cellulosic materials. Naphthas can also be
made from a variety of biomass resources, includ-
ing energy grasses such as miscanthus, switchgrass,
and energy cane or oil seed plants such as Camelina
sativa. Renewable gasoline and naphthas can be
produced via hydrotreating and gasification pro-
cesses. Renewable gasoline can also be produced by
other thermocatalytic processes, pyrolysis, and direct
biological conversion.

In 2014, EPA reported 29,000 gallons of cellulosic
renewable gasoline blendstock and 12 million gallons
of naphthas (EPA 2015b). Depending on the feed-
stock and conversion technology, the conversion rate
may vary; however, we assume a conversion rate of

56 gallons per ton for the conversion of biomass to
drop-in hydrocarbons.® Based on these assumptions,
we estimate that more than 216,000 tons of biomass
were consumed in 2014 for renewable gasoline
blendstocks and naphthas.

2.3.4 Biogas

Biogas is produced from a variety of sources includ-
ing landfills, municipal wastewater treatment facility
digesters, and agricultural digesters. Biogas can be
upgraded to renewable natural gas, which is compa-
rable to conventional natural gas and can be injected
into the pipeline network or used as an alternative
fuel for natural gas vehicles. Renewable CNG and
renewable LNG are both suitable for use in vehicles
and can be used for light-, medium-, or heavy-duty
applications. Although natural gas is a clean-burning
alternative fuel, only about 0.1% is used for transpor-
tation fuel in the United States (DOE 2015b). Biogas
may help to expand the natural gas vehicle fueling
infrastructure in the United States.

In 2014, EPA reported the equivalent of nearly 53
million gallons of biogas and renewable natural gas
were produced—more than 20 million gallons of
biogas, 15 million gallons of renewable CNG, and

17 million gallons of renewable LNG.° By applying
the lower heating value of propane as a proxy, 84,250
Btu/gallon, and a conversion factor of 0.488 trillion
Btu (TBtu)/bef, we estimate that the 53 million gal-
lons is equivalent to 9.1 bef of biogas.” Although bio-
gas is produced from landfills, municipal wastewater
treatment facility digesters, and agricultural digesters,
a simplifying assumption is made that biogas used in
transportation applications is currently from landfills.

> The estimated product yield for cellulosic biomass conversion to drop-in hydrocarbons of 56 gallons per dry ton is
conservative relative to published values from National Renewable Energy Laboratory and Pacific Northwest National

Laboratory design reports.

6 2014 RFS2 Data, https://www.epa.gov/fuels-registration-reporting-and-compliance-help.

7 Conversion factor of 0.488 TBtu/billion cubic feet calculated using the 2015 EIA Electric Power Annual 2013 (EIA 2015f),

tables 5.6 A-F.
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2.4 Heat and Power

The current primary biomass sources for heat and
power are predominantly woody biomass and wood
waste for home heating and for industrial use as fuel.
Woody biomass/wood waste, the biogenic portion of
MSW, and landfill gas also make contributions to the
electricity sector. Animal manure can also be collect-
ed and converted to biogas via anaerobic digestion.
This gas is recovered, treated, and used to generate
energy for farm and wastewater treatment applica-
tions.

The 2015 EIA Electric Power Annual (EIA 2015f,
tables 5.5, 5.6, 5.7, and 5.8) provides energy values
by sector for the wood/wood waste, biogenic MSW,
other waste biomass, and landfill gas consumed for
electricity generation and useful thermal energy. The
value for thermal energy consumed in the residential
sector is obtained from table A17 of the EIA Annual

Energy Outlook. The AgSTAR Anaerobic Digester
Projects Database provides basic information on
anaerobic digesters on livestock farms in the United
States (EPA 2015c¢). Estimates are extrapolated based
on the digester type, end-use application, animal
type, and animal population supplying the digester
(using only reported values with no co-digestion).
Table 2.3 shows the energy content of the biomass
resources consumed to produce heat and power by
end-use sector.

Several electrical and thermal conversion efficiencies
are applied to the values in table 2.3 to estimate the
useful electrical (in billion kWh) and thermal energy
(in TBtu) output of each biomass resource by sector
(shown in table 2.4). Depending on the technology
and combustion method, electrical and thermal con-
version efficiency may vary. Conservative estimates
are used as much as possible when calculating esti-
mates for the electrical and thermal energy output of
the current bioeconomy.

Table 2.3 | Inherent Energy of Biomass Resources Consumed for Heat and Power in 2013 (Tbtu)

Biomass resource
category

Commer- Farm

ﬂ-ﬂ-ﬂlﬂ-ﬂ-

Wood/wood waste? 1871 203 2103 8983 582.5 3979 15021 19001
Animal manure® - - - - - - - 34.8 - - 34.8
Biogenic MSW? 115.9 41 01 15 198 95 - - - 135.8 15.2 150.9
Other waste biomass® 161 6.8 83 544 50 13 - - - 294 624 91.8
Landfill gas® 1911 01 2.3 01 1.3 0.2 - - - 132.8 04 133.2
Total 438.2 314 221.0 9543 36.6 1.9 - 5825 34.8 6958 1,580.2 2,310.8

Note: £ represents biomass consumed for electricity generation, and T represents biomass consumed for thermal energy output.

aThe EIA Electric Power Annual, tables 5.5, 5.6, 5.7, and 5.8 provide energy values for biomass consumed for electricity generation
and useful thermal output by sector in billion Btu. Residential values are from table A17 of the 2015 EIA Annual Energy Outlook.

®Based on biogas estimates from the AGSTAR Anaerobic Digester Projects Database. Values were extrapolated based on the di-
gester type, animal type, and animal population supplying the digester (using only reported values with no co-digestion).
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Table 2.4 | Useful Energy Output from Biomass (Forestry/Wood) Resources Consumed for Heat and Power in 2013

Biomass Electricity Industrial Commercial | Residential Farm use
resource

BkWh | TBtu | BkWh | TBtu | BkWh | TBtu | BkWh | TBtu | BkWh | TBtu | BkWh | TBtu
Wood/woed ... 5 154 5300 - 06 _ 3495 - _ 29 901
waste?
Animal - - - - - - - - 32 109 3 i
manure
Biogenic 85 19 . 07 15 43 . . . _ 10 7
MSWe '
Other waste 30 06 245 04 06 . . . _ 2 28
biomass®
Landfill gas® 105 01 02 01 10 02 . , , . 12 0
Total 339 172 162 5642 28 56 - 3495 32 109 56 947

Note: Assumes a general conversion factor of 3,412 Btu/kilowatt hour (kwh). E denotes electric power generation; T denotes ther-
mal power generation. BkWh = billion kilowatt hours. TBtu = trillion British thermal units.

aWood/wood waste: Electric conversion efficiency of 25% and thermal conversion efficiency of 60%.

°Biogas from animal manure: 31.7% to electricity, 31.3% thermal energy, 37.0% loss based on AgSTAR end-use analysis.
‘Biogenic MSW and other waste biomass: Electric conversion efficiency of 25% and thermal conversion efficiency of 45%.
dLandfill gas: Electric conversion efficiency of 30% and thermal conversion efficiency of 78%.

The tonnage (or billion cubic feet) of each biomass 2.4.1 Woody Biomass and
resource category by heat and power end-use sector Wood Waste

is shown in table 2.5. The 2013 values for the bio-
genic portion of MSW and landfill gas are reported
in thousand tons and million cubic feet by the 2015
EIA Electric Power Annual (Electric Power Annual,
tables 5.6 and 5.7, respectively). Several conversion
factors (described in the footnotes of table 2.5) are
used for the remaining biomass resource categories.

Woody biomass and wood waste is reported as a
single category— “Wood/Wood Waste”—by the 2015
EIA Electric Power Annual. Wood and wood-derived
fuels include wood/wood waste solids (including
paper pellets, railroad ties, utility poles, wood chips,
bark, and wood waste solids), wood waste liquids
(red liquor, sludge wood, spent sulfite liquor, and
other wood-based liquids), and black liquor. Wood
and wood-derived fuels are used primarily as thermal
energy inputs for the industrial sector; however, they
are also used in electric power production, in the
commercial sector, and for residential purposes.

The following sections discuss current heat and
power production and describe the references and
assumptions used to estimate the amount of biomass
resources consumed in those processes.
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Table 2.5 | Biomass Resources Consumed for Heat and Power in the 2013 Bioeconomy (million bioenergy

equivalent dry tons)

Biomass resource

om -

category

Wood/wood waste? 15.96 85.28 44.81 146.16
Animal manure® - - - - 10.50 10.50
Biogenic MSW¢ 15.03 0.20 3.65 - - 18.87

Other waste biomass® 2.86 784 0.78 - - 1.48

Landfill gas® 239.46 4.77 28.57 - - 272.80
Total 33.85 93.32 4.54 44.81 10.50 187.00

AWood/wood waste: 13 MMBtu/ton was selected as a conservative estimate based on various sources (EPAd 2015; DOE 2015a; INL

2014; NREL 20M).

®Animal manure: Applied GREET biogas assumptions applied by animal type to calculate 3.32 MMBtu/ton of total solids for manure

digested in the current bioeconomy.

‘Biogenic MSW: Reported directly from table 5.6 of the 2015 Electric Power Annual.
d0ther waste biomass: 8 MMBtu/ton based on the values for biogenic MSW reported in the 2015 Electric Power Annual.

eLandfill gas: Reported directly from table 5.7 of the 2015 Electric Power Annual. Bioenergy equivalent dry ton contributions from

landfill gas are not added into the totals shown.

In the projected bioeconomy, contributions from
these individual wood resources are estimated at a
more granular level.

Wood/wood waste, the largest category of biomass
resource used for heat and power generation, is pri-
marily used for residential heating and industrial use
as fuel. Estimates from the 2015 EIA Electric Power
Annual indicate that in 2013, the industrial sector
consumed nearly 85.3 million dry tons of wood/wood
waste to produce 15.4 billion kWh of electricity and
539.0 TBtu of thermal energy. In 2013, the residential
sector consumed 44.8 million dry tons of wood/wood
waste to produce 349.5 TBtu of thermal energy.

The two largest industrial consumers of biomass are
the paper and wood products industries. In 2010, the
latest year available, the Manufacturing Energy Con-
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sumption Survey reported a consumption amount of
824 trillion Btu, or 63.4 million bioenergy equivalent
tons per year, assuming 13 million Btu per ton (EIA
2013). In the 2012 Resource Planning Act database,
the amount of mill residues reported as being con-
sumed for fuel was 26 million tons, down from 36.7
million dry tons in the 2007 assessment (USDA-FS
2014). Most of the material (51%) consumed is bark,
and the remainder is composed of fine (36%) and
coarse (13%) materials by weight. As reported, these
two categories contribute 89.3 million tons per year
to the industrial use estimate of 93.2 million tons per
year. However, because of the calculation approach
taken to disaggregate EIA national statistics, addi-
tional assumptions would need to be applied to at-
tribute pulp liquor and mill residues categories more
precisely to the industrial use category.



2.4.2 Biogenic MSW

Biogenic MSW consists of organic nonfossil material
of biological origin that is a byproduct or a discarded
product. Biomass waste includes MSW from bio-
genic sources, landfill gas, sludge waste, agricultural
crop byproducts, straw, and other biomass solids, lig-
uids, and gases. It excludes wood and wood-derived
fuels (including black liquor), biofuels feedstocks,
biodiesel, and fuel ethanol.?

Biogenic MSW is primarily used in the electrical and
industrial sectors. Estimates from the 2015 EIA Elec-
tric Power Annual (table 5.7 and table 5.8) indicate
that in 2013, the electricity sector consumed more
than 15.0 million dry tons of biogenic municipal
waste to produce 8.5 billion kWh of electricity and
1.9 TBtu of thermal energy. The industrial sector was
the largest consumer of waste biomass for thermal
energy in 2013, using more than 8.0 million dry tons
of various types of waste biomass to produce 25.2
TBtu of thermal energy.

Tables 5.6A through 5.8F of the 2015 EIA Electric
Power Annual break down biogenic municipal waste
by the electrical, thermal, and total contributions of
landfill gas, other biogenic MSW, and other waste bio-
mass. A conversion factor of § MMBtu per dry ton was
calculated using tables 5.7F and 5.7C of the 2015 EIA
Electric Power Annual. Electrical and thermal conver-
sion efficiencies of 25% and 45%, respectively were
applied to the energy content of the biomass to obtain
estimates for the electrical and thermal energy
output.®

2.4.3 Landfill Gas

Landfill gas is generated by decomposition of or-
ganic material at landfill disposal sites. The average
composition of landfill gas is approximately 50%
methane and 50% carbon dioxide and water vapor by
volume. The methane percentage, however, can vary
from 40% to 60%, depending on several factors,
including waste composition (e.g., carbohydrate and
cellulose content).

The methane in landfill gas may be vented, flared, or
combusted to generate electricity or useful thermal
energy on-site, or injected into a pipeline for com-
bustion off-site. Landfill gas is primarily consumed
in the electric sector. Estimates from the 2015 EIA
Electric Power Annual indicate that in 2013, 239.5
bef of landfill gas produced 10.5 billion kWh of elec-
tricity in the electric sector. Table 5.6 of the 2015
EIA Electric Power Annual provides the energy
content (in billion Btu) and amount (in million cubic
feet) of landfill gas consumed by the electricity,
commercial, and industrial sectors. These reported
values were used to calculate a conversion factor of
488 Btu/stan-dard cubic foot (scf). Electrical and
thermal conver-sion efficiencies of 30% and 78%,
respectively, were applied to the inherent energy
content of the landfill gas to obtain estimates for the
useful electricity and thermal energy output.'

2.4.4 Anaerobic Digestion

Anaerobic digestion is a biological process that
occurs when organic matter (in liquid or slurry form)
is decomposed by bacteria in the absence of oxygen
(i.e., anaerobically). The decomposition process re-
leases biogas consisting of approximately 60% meth-

8 EIA biomass waste data also include energy crops grown specifically for energy production, which would not normally

constitute waste.

¢ Depending on the technology and combustion method, electrical and thermal conversion efficiency may vary. See ap-

pendix A for more information.

9 Depending on the technology and combustion method, electrical and thermal conversion efficiency may vary. See ap-

pendix A-2 for more information.
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ane and 40% carbon dioxide. This gas can be recov-
ered, treated, and used to generate energy, replacing
traditional fossil fuels. Anaerobic digester systems
can be installed successfully at operations that collect
manure as a liquid, slurry, or semi-solid. Existing
farms use a variety of different types of digester de-
signs—such as anaerobic sequencing batch, complete
mix, covered lagoon, fixed film, induced blanket, and
plug flow reactors, and energy use technologies—
such as boiler or furnace fuel, cogeneration, electrici-
ty generation, or flaring.

As of January 2015, AgSTAR estimates there are
approximately 247 anaerobic digester systems operat-
ing at commercial livestock farms in the United States
(EPA 2015c¢). Gas production estimates are available
for only 94 of the operational systems reported in the
AgSTAR database. Estimates for the remaining 153 di-
gesters are made by extrapolating based on the digester
type, animal type, and animal population supplying the
digester (using only reported values with no co-diges-
tion). Nearly 80% of these operational digesters are
projects at dairy farms and 13% are at swine opera-
tions. Other digesters consist of mixed influent, beef,
and poultry projects. An analysis of the AgSTAR data-
base indicates that biogas is used for electricity gener-
ation (42%), cogeneration (41%), and boiler or furnace
fuel (10%); is flared (2%); or is unknown/not reported
(5%). Using these reported end uses, we calculate the
energy distribution of the biogas to be 31.7% electrici-
ty, 31.3% thermal energy, and 37.0% loss.

Overall, the 247 operational anaerobic digesters are
estimated to produce 3.2 billion kWh of electricity
and 10.9 TBtu of thermal energy from 10.5 million
tons of biomass (see appendix A for more informa-
tion). Additionally, it is estimated that nearly 1.5 bef
of digester gas is flared each year. Using this gas for
cogeneration could produce an additional 0.8 billion
kWh of electricity and 0.4 TBtu of thermal energy."

2.5 Biobased
Chemicals

Biomass resources represent an important (and, in
some cases, the only) option for sustainably replacing
many of the petroleum-derived chemicals, plastics,
and products relied upon today. Established by the
Farm Security and Rural Investment Act of 2002 and
strengthened by the Food, Conservation, and Ener-
gy Act of 2008, the USDA BioPreferred Program

is charged with transforming the marketplace for
biobased products and creating jobs in rural America.
The 2015 USDA BioPreferred Report, An Economic
Impact Analysis of the U.S. Biobased Products In-
dustry: A Report to the Congress of the United States
of America, provides an analysis of specific biobased
segments within the U.S. economy (Golden et al.
2015). The report evaluates agriculture and forestry,
biorefining, biobased chemicals, enzymes, bioplastic
bottles and packaging, forest products, and textiles

as the seven major biobased product industries con-
tributing to the U.S. economy. It specifically excludes
contributions from energy, livestock, food, feed, and
pharmaceuticals.

The BioPreferred program database includes about
20,000 biobased products; however, it does not include
many forest products and traditional textile fiber prod-
ucts. The BioPreferred program estimates that because
the latter two sectors have only recently been included,
the actual number of biobased products is dramatically
higher than the USDA BioPreferred report indicates,
and 40,000 products would be a conservative estimate.
Direct sales of biobased products in 2013 are estimated
to total nearly $126 billion.

The USDA BioPreferred report estimates that the
starch produced from corn biorefineries in 2013 rep-
resented about 2% of the entire corn crop. In 2014,

"Cogeneration conversion efficiency: assumed energy outputs for cogeneration are 40% electrical energy, 50% thermal energy,

and 10% loss (Clark Energy 2013).
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according to the U.S. Feed Grain Database, 281.2
million dry tons of corn were produced for domestic
use.'? Assuming that the 2% relationship held true in
2014, and that this starch was used to manufacture
biobased products, it is estimated that approximately
5.6 million dry tons of corn was consumed in 2014 to
produce biobased products. Additionally, the BioPre-
ferred report estimates that 0.6% of soybean and oth-
er oilseed processing was used to produce biobased
products. Based on U.S. production and use forecasts
for 2014, from table 3 of the 2015 USDA Oilseed
Yearbook (ERS 2015), an estimated 0.32 million dry
tons of soybeans were consumed in 2014 to produce
biobased products.

Sufficient data to estimate the total number of indi-
vidual “units” of biobased products is currently not
available, and contributions from other feedstocks
are not included within this report. We anticipate that
the growth of these biobased sectors will continue to
create both economic and environmental benefits for
the United States.

2.6 Wood Pellets

Statistical information from the Forest and Agricul-
tural Organization of the United Nations was used
to estimate that 7.6 million dry tons of wood pellets
were produced in 2014. Wood pellets are primarily
produced for export to markets in the United King-
dom and Europe, which are strongly influenced by
regulatory and political factors. Reports from the
U.S. Forest Service (Abt et al. 2014) and the U.S.
International Trade Commission (Goetzl 2015) antic-
ipate that wood pellet export demand will plateau by
2020.

2.7 Emerging Sources
of Biomass

Opportunities for near-term expansion of biomass
resources for energy are found in waste streams,
primary agricultural and forestry residues, and energy
crops. This section explores in some detail commer-
cialization of these resources for energy production
across consumption sectors.

2.7.1 Biosolids and Wastewater
Treatment

Wastewater treatment plants (WWTPs) represent
another high-potential source of biogas. EPA reports
that 1,484 WWTPs digest sludge to produce biogas
(Bastian et al. 2011). Anaerobic digestion is a com-
mon technology for sludge treatment at WWTPs in
the United States. The Water Environment Federation
(WEF) released a phase 1 database that provides in-
formation about 1,241 U.S. WWTPs that operate an-
aerobic digestion systems and their biogas utilization
(WEF 2014). WEF estimates that about 48% of the
total wastewater flow in the United States is treated
with anaerobic digestion (WEF 2013). However, less
than 10% of facilities employ biogas for beneficial
uses. Most biogas is flared, and only a small portion
is used for on-site process heat and power production.

New technologies and digestion techniques are in-
creasing the feasibility of transforming WWTPs into
energy-positive water resource recovery facilities.
One approach to enhancing anaerobic digestion at
these facilities is through the co-digestion of biosol-
ids with organic waste, resulting in higher methane
yields, more efficient digester volume utilization, and
reduced biosolids production. Combined heat and
power (CHP) technologies such as internal combus-
tion engines, microturbines, gas combustion turbines,

1211,883.34 million bushels at 56 pounds of shelled corn per bushel and 15.5% moisture
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and fuel cells may help to maximize the electrical
and thermal energy output from a water resource
recovery facility. Alternatively, biogas can be upgrad-
ed to renewable natural gas and can be injected into
the pipeline network or used as an alternative fuel for
natural gas vehicles.

A 2011 EPA report estimated that as of June 2011,
CHP systems using biogas were in place at 104
WWTPs, representing 190 megawatts (MW) of
electric power capacity and 18,000 MMBtu/day of
thermal energy (Bastian et al. 2011). A March 2015
analysis from Argonne National Laboratory classifies
the 1,241 WWTPs identified in the WEF phase 1
database into four categories based on average flow
rates: plants with an average flow rate of 100—1,000
million gallons per day (MGD) (29 plants), 10-100
MGD (276 plants), 1-10 MGD (690 plants), and less
than 1 MGD (96 plants) (Shen et al. 2015). Each rate
category is broken down by biogas utilization, and
biogas CHP technologies are further categorized by
CHP technology type and whether there is power
export. Overall, the Argonne analysis identified 282
operational CHP systems and 69 water recovery fa-
cilities that are exporting electric power to the grid.

Of the 29 facilities that process 100—1,000 MGD, Ar-
gonne found that 26 use biogas; 13 of those employ
CHP technologies for energy generation, 6 export
electric power to the grid, and 3 inject upgraded gas
into natural gas pipelines. Of the 276 facilities that
process 10—-100 MGD, Argonne found that 238 use
biogas; 123 of those employ CHP technologies for
energy generation, 32 export electric power to the
grid, and 12 inject upgraded gas into natural gas pipe-
lines. Of the 690 facilities that process 1-10 MGD,
Argonne found that 505 use biogas; 125 of those em-
ploy CHP technologies for energy generation, 30 ex-
port electric power to the grid, and 10 inject upgraded
gas into natural gas pipelines. Of the 96 facilities that
process <1 MGD, Argonne found that 55 use biogas;
21 of those employ CHP technologies for energy gen-
eration, 1 exports electric power to the grid, and none
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inject upgraded gas into natural gas pipelines. Of the
CHP technologies, the majority, 54%, are internal
combustion engines. Microturbines make up 10%,
fuel cells 2%, and gas combustion turbines 1%; 33%
are categorized as “other.”

Both the 2011 EPA report and the Argonne analysis
of the WEF phase 1 database indicate that there is
significant potential to increase the utilization of
biogas produced by WWTP digesters.

2.7.2Biomass Crop Production

The commercialization of biomass crops for energy
has increased since 2011, with deployment reaching
up to 20,000 acres. Statistics for herbaceous energy
crops are collected beginning with the 2012 census.
The acreage is reported in table 2.6. These acres are
underestimated; producers often do not report plant-
ings of unique crops because they are not enrolled in
federally subsidized programs, or the crops are grown
on non-private agricultural lands (e.g., public univer-
sities, regional extension farms).

The regional statistics from the 2012 USDA census
reported in table 2.6 represent production of switch-
grass and miscanthus to supply multiple markets,
such as power, fuels, and animal bedding; and they
probably underestimate the gross production of all
energy crop species. The data continue to improve for
biomass production and consumption by use, reflect-
ing the time lag due to the perennial nature of many
of the dedicated species. Barriers to adopting these
crops are being addressed through risk reduction
measures such as crop insurance. Reporting of hybrid
poplar acres in production increased from 211 acres
in August 2014 to 2,554 acres in November 2014.

In 2014 energy statistics, the use of dedicated herba-
ceous biomass for energy was reported in a mixed-
waste category and is reported in the aggregated
production amount. As of 2014, commercial primary
crop residue collection for energy consumption is not
reported in the USDA Census of Agriculture.



Table 2.6 | 2012 USDA Census Data for Herbaceous Energy Crop Production by Region

Farm production region Acres harvested Number of operations Production (dry tons)

Appalachia 1,801 8,644
Southern Plains 979 4 1178
Northeast 19 8 1,442
Other 0 13 0
Total 2,899 48 11,264

woody biomass is used to produce heat and power for
the electrical, industrial, commercial, and residential

2.8 Summary

The total consumption of biomass resources for sectors. Animal manure is digested to produce heat
energy, including transportation, power, and heat, is and power for farm use. The biogenic portion of
reported in table 2.7. The primary sources of biomass MSW and other waste biomass is consumed to pro-
in the current bioeconomy are agricultural resources duce heat and power for various sectors. The flow of
and forestry/wood. The agricultural biomass is used these resources from feedstock to end product energy
predominantly for fuels and biobased chemicals. The is described in the Sankey diagrams in figure 2.5.

Table 2.7 | Total Current Consumption of Biomass (2014) for Energy and Energy Products (million bioenergy
equivalent dry tons per year)” @

Total Supply

Biomass resource Heat and | Biobased Wood - . Total
. utilized chain .
category chemicals | pellets . biomass
biomass losses
Agricultural 12718 10.50 5.94 - 143.30 13.91 157.21
Corn grain? 119.55 - 5.62 - 12517 13.91 139.08
Vegetable oils 5.51 - 0.32 - 5.83 - 5.83
Other fats, oils, and 189 B B B 189 B 189
greases
Feed for gasoline
0.22 - - - 0.22 - 0.22
blendstock/naphtha®
Agricultural residues 0.01 - - - 0.01 - 0.01
Manure - 10.50 - - 10.50 - 10.50
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Table 2.7 (continued)

. . Total

Biomass resource Heat and | Biobased | Wood e Total

ue . utilized .
category chemicals | pellets . biomass
biomass

Forestry/wood - 146.16 - 761 153.76 17.08 170.85
Wood/wood waste - 146.16 - 14616 16.24 162.40
Wood pellets - - - 7.61 7.61 0.85 8.45

Energy crops - - - - - - -

Herbaceous energy
crops

Woody energy crops - - - - - - _

MSW/other wastes - 30.35 - - 30.35 - 30.35
E,lig\?vemc portion of - 1887 - - 1887 - 1887
Other waste biomass - 11.48 - - 11.48 - 11.48

Landfill gas¢ (bcf) 914 272.80 - - 281.94 - 281.94

Algae - - - - - - -

Total Biomass 127.18 187.00 5.94 7.61 327.73 30.99 358.73

aCorn grain consumed for ethanol production also creates 43.64 million dry tons of dried distillers grains (Wisner 2015).

®Renewable gasoline blendstocks and naphtha can be produced from a variety of feedstocks, including agricultural residues, forest
residues, biogenic MSW, yard wastes, biogas, energy grasses, oil seed plants, and other cellulosic materials. RFS2 does not provide
clarity for the current sources of biomass.

‘Bioenergy equivalent dry ton contributions from landfill gas are not added into the totals shown here but are represented in the
Sankey diagram in figure 2.5 by applying a conversion factor of 0.2665 Ib/scf.

¥ Interactive visualization: https:/bioenergykdf.net/billionton2016/2/1/table
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Figure 2.5 | Sankey diagram of feedstock, sector consumption, and final product distribution, in million dry
tons per year*

m Chemicals: 6.0
(5.4 million Ibs.)

Corn grain: 125.2

Fuel: 128.4
(11.4 billion GGE)

Vegetable oils: 5.8

Other fats, oils, and greases: 1.9 =
Gas blends/naphtha: 0.2
Agricultural residues: 0.0 1

Farm heat & power: 10.5
Manure:10.5 | (3 B-kWh, 11 TBtu)

Landfill gas: 37.6 Electric sector: 65.8
(34 B-kWh, 17 TBtu)

Biogenic MSW: 18.9

Commercial sector: 8.4
Other waste biomass: 11.5 (3 B-kWh, 6 TBtu)

Industrial sector: 94.0
(16 B-kWh, 564 TBtu)

Wood/wood waste: 153.8

Residential: 44.8
(349 TBtu)

B Wood pellets: 7.6

Note: Biomass resources are shown on the left and their allocations are shown on the right. The size of the flow is representative of
the amount of biomass allocated to that end use. For this figure, contributions from landfill gas are represented as tons of biomass
equivalent by applying a conversion factor of 0.2665 Ib/scf.

% Interactive visualization: https:/bioenergykdf.net/billionton2016/2/3/sanke
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Stumpage price

Production

Site preparation, establishment,
silvicutural operations, profit
to landowner

Example
operations:

Format: In the forest, dispersed

- -

Fell, forward, and chip into van

Chipped in van roadside

Roadside price Delivered cost

Delivery and
Preprocessing

Load, transport, unload

Comminuted to <% inches
(conventional) or pelleted
(advanced)

Chapter 3. At the Roadside, Forestland Resources

3.1 Background and
Introduction to the
Forest Resources
Analyses

3.1.1 Chapter Structure

Chapter 3 assesses the availability of forest resources
to the roadside. Not all woody feedstocks are dis-
cussed in this chapter. Logging residues and whole-
tree biomass are included. Other feedstock categories
have been moved to chapter 5 or are redefined to be
included in the whole-tree biomass category. New
methodologies and data are used in the assessment to
estimate woody biomass as a function of price, year,
and scenarios based on national wood demand.

This chapter has six major parts. Section 3.1 provides
background and information useful to understanding
the context for analyzing forestry resources. This sec-
tion presents useful definitions as well as feedstock
labels and types that have changed since the 2011
BT2. It also describes the underlying sustainability
assumptions used in the model, and issues in federal
land management. Although the model is only for the
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conterminous United States, the biomass potential in
Hawaii and Alaska is also introduced.

Section 3.2 explains an important part of the model
inputs. Descriptions of the underlying harvest sys-
tems, operational attributes, and costs are presented
in this section. New costs were developed for this
section, using a different method than in the 2011
BT2.

Section 3.3 explains conventional wood and biomass
demand scenarios—another important aspect of the
analysis. These scenarios are used from the U.S. For-
est Products Module/Global Forest Products Model
(USFPM/GFPM). The projected conventional prod-
ucts demands are used to estimate logging residue
supply, and the biomass demands are used to develop
supply curves.

Section 3.4 is the primary section that describes the
new Forest Sustainable and Economic Analysis Mod-
el (ForSEAM) forestry model and its outputs. A very
important aspect of the model is that it first solves for
conventional timber demands (i.e., sawtimber and
pulpwood). Logging residues are estimated as a func-
tion of the conventional timber production. Then the
model solves for additional biomass from tree stands
of designated sizes to meet the biomass demands in



the selected scenarios. Shadow prices are used to
determine the cost at which the demands will be met.
These shadow prices and biomass demands are then
used to develop cost curves that provide levels of
biomass at selected costs. The outputs are shown for
$40, $60, and $80 per ton but were also run at higher
cost levels. The amounts of biomass estimated to be
available by cost and year are reported as the forest
resources to roadside in this report.

Section 3.5 is a unique addition to this report because
it is a comprehensive market analysis. The Subre-
gional Timber Supply (SRTS) inventory and harvest
model for the U.S. South is used. This is added for
several reasons:

e The newly developed ForSEAM had to be
verified. A published model in use, SRTS, was
adopted for that purpose.

e BT16, like the earlier reports, is a supply analy-
sis; the forestry supply is now being modeled as
a function of demand. Thus, a market assessment
of the South was completed to demonstrate the

interactions between market demands and supply.

e Itis important to understand the impact of
increased pellet production, especially in the
southern United States, on both demand and
future supply.

This section assesses the factors that influence the
demand for and supply of wood for both energy and
conventional products in the South. A partial equi-
librium timber market model was used to evaluate a
set of combinations of these factors to illustrate the
impacts of the supply and demand factors on mar-
ket outcomes. Using subregions of the U.S. Coastal
South, evaluations were completed on (1) compet-
ing pulpwood demands, (2) declines in sawtimber
harvest, (3) substitution of mill residues for small
roundwood, and (4) changes in timberland area. The
section discusses the simulations of market impacts
on the prices, inventory, and removals of timber, as
well as timberland area by management type.

Section 3.6 summarizes the available biomass from
forest resources at roadside. Discussions of the
results and their implications are included in this sec-
tion. Finally, section 3.7 discusses additional research
that would be useful in extending and improving the
analysis of available biomass potential from U.S.
forestland.

3.1.2 Chapter Summary

Chapter 3 provides estimates of primary biomass
(removed from the land) from timberland-only forest
resources at selected costs to roadside. Total costs to
the conversion throat that include transportation and
preprocessing are described in chapter 6. It is import-
ant for the reader to understand that roadside costs
are not the total cost of a feedstock at a conversion
facility. Also when biomass availability is report-

ed by roadside cost, the actual amount of biomass
transported to and useable at the biorefinery may be
less because of losses, screening and separation, and
spoilage. In this chapter, the availability of logging
residues from conventional harvest and from whole
trees harvested explicitly for biomass are modeled.
Two other primary forest biomass feedstocks, “other
removal residues” and “thinnings on other forest-
land” are discussed in chapter 5 and are counted as
wastes in BT16, unlike in the 2011 BT2. The esti-
mates are developed for private (industrial, nonindus-
trial, and tribal) timberland and federal timberland.
They are based on significant underlying assumptions
regarding the available land base, ratios of types of
harvest, residue retention rates, growth rates, land
cover and use management, growth/harvest limits,
and other implications that need to be understood.
These estimates are conservative but provide a good
basis for understanding forest biomass inventory and
analyses. Hopefully, this assessment will be of value
to others to further the work begun in this chapter.

In the newly developed forestry model, ForSEAM,
the current Forestry Inventory and Analysis (FIA)
database provides the basis for determining how de-
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mands for conventional products such as sawtimber
and pulpwood will be met up to 2040. The demands
are based on a set of projections for U.S. forests and
forest products markets under varying market con-
ditions. The USFPM/GFPM forest products market
model—Ilinked with the SRTS inventory and harvest
model for the South—was used to project the harvest
removals, inventory, price, and timberland area that
result from three levels of wood biomass feedstock
demands. The baseline scenario (Baseline_ML) rep-
resents the lowest level of wood energy demands. In
the moderate and high wood energy demand scenar-
ios, feedstock prices rise sufficiently to reduce paper
and paperboard production levels by 1% and 3%,
respectively, below baseline in 2040. In the high-de-
mand scenario, impacts on prices are ameliorated
somewhat by an assumed increase in investment in
southern pine plantation management that would be
expected as prices for softwood small roundwood
increase. In addition, increases in timberland area (in
USFPM/GFPM) are projected based on the assump-
tion that increasing prices lead to increased land
rents, and increasing land rents lead to increased con-
version of marginal agricultural land to timberland.

The linear programming model ForSEAM was
constructed to estimate forestland production for
traditional forest products and to meet biomass
feedstock demands. The supply component includes
general forest production activities for 305 produc-
tion regions or agricultural statistic districts and is
placed in a national linear programming model. Each
region has a set of production activities defined by
the scenario demands. These production activities in-
clude sawtimber, pulpwood, and biomass (fuelwood
is defined as biomass for this report). Sawtimber and
pulpwood harvest activities generate forest residues
that can be harvested for energy and bioproducts, and
whole trees can be removed for biomass under some
specific assumptions of size. High-value sawtimber is
never harvested for biomass.
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The model estimates biomass potential from timber
stand information across the conterminous United
States. An important variable is tree diameters that
are classed as average stand diameter. Class 1 has

a diameter of >11 inches, class 2 has a diameter of
5-11 inches, and class 3 has a diameter of <5 inches.
The model estimates the costs, the locations, and
the kinds of biomass available to meet a prescribed
demand. The demands are derived from the Forest
Product Demand Component. This component is
based on six USDA Forest Service scenarios with
estimates developed by USFPM.

Not all forestland in the United States is considered
in the analysis; only the conterminous United States
is included. All protected, reserved, and non-roaded
forestland is excluded. The analysis is restricted to
only timberland instead of all forestlands. Although
conventional products are removed from slopes
greater than 40% using cable systems, no logging
residues are recovered, leaving 100% on the site. A
major criterion is that the harvest in each state does
not exceed annual growth. There is no road construc-
tion, as only forest tracts located within a half mile
of the roads are harvested. The current-year forest
attributes reflect previous years’ harvests and biomass
removals, which means that dynamic stand tracking
of forest growth is incorporated into the model and
the analysis. Another underlying assumption is the
retention of biomass to protect the site and maintain
soil carbon. Also, there was no conversion of natural
stands to plantations.

A final major assumption is that there are no forest-
land losses over the modeling time period and no
land cover changes in the model. This means that
fast-growing plantations specifically for biomass are
not established after the harvest of a natural stand. All
harvested stands are assumed to regenerate back to,
and according to, the original cover. Natural stands
regenerate to hardwood, softwoods, or mixed, as they
were previously. Plantations are regenerated as plan-
tations. An unfortunate downside to this approach is



that insufficient amounts of biomass are generated

in the out years of the modeling period to meet the
high-demand scenarios. These scenarios were devel-
oped based on the establishment of millions of acres
of plantations to be grown for biomass. As will be
discussed in more detail, there are several changes in-
volved with using the model that are more restrictive
in biomass availability than in the 2011 BT2.

Shadow prices! are developed for the demand sce-
nario biomass amounts. The shadow prices and the
associated acres for the scenario demands (dry tons
of biomass) are reported by product type (logging
residues or whole-tree biomass), as well as other pa-
rameters of the study, across selected years. Conven-
tional timber products are not reported in this chapter

but will be made available on the Bioenergy KDF. All
the outputs will be made available in various forms
and formats.

These shadow prices for the scenario demands

are used to develop conventional supply curves to
estimate biomass availability at roadside for a given
cost. A summary of available biomass in the baseline
scenario using an example cost of $60 per dry ton to
roadside is shown in table 3.1. The out-year biomass
availabilities are slightly reduced with the underlying
assumption that no biomass plantations were estab-
lished on forestland for the baseline example. In other
scenarios, such as the supposedly highest biomass
demand, there were even more significant reductions
in out years, especially 2040, because biomass plan-
tations were not established.

Table 3.1 | Summary of Forest Biomass of the Baseline Scenario by Ownership and Year at a Cost of $60 per
Dry Ton to Roadside

Million dry tons
Private 66.5 68.1 73.6 64.9 61.6 66.4 64.5
Federal 15.8 19.8 20.5 20.4 19.6 19.5 170
Total 82.3 87.9 941 85.3 81.2 85.9 81.5

The market analyses show that the timber markets in
the South are affected by the age class distribution
and broad management types in the current forest,
and these markets in turn affect future age class dis-
tributions and management types. The product mar-
kets for large- and small-diameter timber are linked,
as they both are produced at each point in time on a
single acre of timberland, especially in natural stands;
trees on plantations are more uniform in size. The
only way to get large-diameter trees for sawtimber

is to allow small-diameter stands to age. Markets are
linked to these changing diameters across the South.

Competition for pine small roundwood in some
regions will likely intensify with increased demands
for wood biomass feedstocks, leading to higher prices
and some potential reductions in other uses, as shown
in the Mid-Atlantic subregion. Past reductions in
conventional demand for hardwood small roundwood
imply that prices for this feedstock will likely not in-
crease as rapidly as prices for pine small roundwood.

! In the strictest sense, a shadow price is any price that is not a market price, but the term usually also carries the connotation that
it is an estimate of the economic value of the good or service in question. See http:/web.stanford.edu/group/FRI/indonesia/doc-

uments/gittinger/Output/chapZhtml.
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An increase in demand for small-diameter round-
wood alone, however, is not likely to affect the
demand for sawtimber. The prices for sawtimber
will likely continue to stay low in such areas as the
Gulf Coast, reducing landowner incentives to re-
plant, as well as reducing the availability of land for
replanting. The harvest of mature trees provides stand
regeneration opportunities. The amount of sawtim-
ber harvest and the subsequent regeneration oppor-
tunities affect the availability of “thinnable” acres
in the 1015 years following the final harvest and
thus affect the availability of the next generation of
small-diameter softwood removals that can be used
for biomass.

A potential recovery in the housing and lumber mar-
kets leading to renewed sawmilling has the poten-
tial to increase the availability of sawmill residues,
which may ease the pressure on the small roundwood
resources and thus ameliorate price increases. The
impact is greatest in areas that have active sawmill-
ing industries and smaller average-diameter sawmill
inputs, such as the Southeast Coast region.

Finally, timberland has been shown to respond to
land rents, and increased demand with a quasi-fixed
inventory will lead to higher prices and thus higher
land rents. In this way, increased demand for feed-
stock for wood energy can contribute to increased
timberland area (or at least to smaller decreases in
timberland area).
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3.1.3 Introduction

This chapter provides forest biomass supply curves
to estimate the available tonnages of forest biomass
at given roadside costs, by county, by year, and by
scenario. The content is similar to that in the 2011
BT2, but it differs in some major ways. Some of
these changes are identified and discussed in previous
chapters, and all are discussed as appropriate in this
chapter. Generally, the changes are the following:

* Feedstock types are slightly modified.

e Aneconomic model is used to develop supply
curves for biomass for various timber and bio-
mass demand scenarios.

e Some underlying assumptions and coefficients
are modified.

» Wood waste resource analyses are now separate
and discussed in chapter 5.

e Federal lands are included in the forest resource
analysis.

Forest biomass as feedstocks includes (1) wood
wastes in forests, at mills, and from landfills; (2)
harvests from silvicultural treatments such as thin-
ning, fuel reduction, and regeneration cuts; and (3)
purpose-grown trees on plantations. Trees and tree
components from land conversion practices such

as urban expansion into woodlands or right-of-way
clearing are also a source of wood waste. A more for-
mal breakdown of forest wastes categories is shown
in the feedstocks taxonomy of chapter 1.



Figure 3.1 | Biomass resources from timberland
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This chapter discusses only primary (direct from

the land) biomass resources from timberland (fig.
3.1). Land type definitions are shown in text box 3.1
(Smith et al. 2009). The feedstocks included in this
chapter are forest residues (i.e., logging residues)
and whole trees cut explicitly for biomass uses (i.e.,
whole-tree biomass). Only biomass on timberland

in the conterminous United States is used in this
analysis. Table 3.2 shows the amount of land, for-
estlands, and timberlands in the United States and in
the conterminous United States. Figure 3.2 details
the ownership of forestlands. Section 3.4 reports the
available acres in the model and then the number of
acres treated each year. Some restrictions and under-
lying assumptions reduced the amount of available
timberland in the model.

Two classes of forest feedstocks—*“other removal
residues” and “thinnings on other forestland”—have
been moved to chapter 5 and are being considered as
secondary resources. A new model used to estimate
primary feedstocks was not capable of handling these
two feedstock types, so the methodology used in pre-
vious versions of this report was applied to estimate
the biomass availability for these feedstock types.

Figure 3.2 | Forestland ownership in the United States
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Source: Data from USDA Forest Service (2012).

Text Box 3.1 | Definitions

* Forestland—Land at least 120 ft wide and 1 acre
in size with at least 10% cover (or equivalent
stocking) by live trees of any size, including land
that formerly had such tree cover and that will
be naturally or artificially regenerated.

e Timberland—Forestland that is producing,
or is capable of producing, in excess of 20 ft?
per acre per year of industrial wood and not
withdrawn from timber utilization by statute or
administrative regulation.

» Other forestland—Forestland other than
timberland and productive reserved forestland.

* Reserved forestland—Forestland
administratively removed from production.

Primary forest biomass resource categories have
changed over time in the series of Billion-Ton
reports, mostly because of the changing analytical
methodologies. In the original 2005 BTS, the primary
forest resources were (1) logging residues, (2) fuel
treatments from timberland and other forestlands,

and (3) fuelwood. In the 2011 BT2, primary forest
biomass types were (1) fuelwood for current use only,
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(2) composite operations—half logging residues and
half thinnings from timberlands, (3) other removal
residues, (4) thinnings from other forestlands, and
(5) conventionally sourced wood (pulpwood).

The composite operations category was added in the
2011 BT2 to handle the conceptual transition from

a two-pass operation to an integrated operation. In

a two-pass approach, logging residues are left at the
stump during the stand harvest for later removal. In
an integrated system, timber and biomass are harvest-
ed together. As it was difficult in BT2 to model the

Table 3.2 | Forestland and Timberland in the United
States

Conterminous

Type of land United States United States
Total land 2.3 billion acres 1.9 billion acres

Forestland 751 million acres 623 million acres
Timberland 514 million acres 475 million acres

Source: Data from USDA Forest Service (2012).

Table 3.3 | Forest Resources Feedstock Type Changes

2005 BTS 201 BT2 BT16
[ ) L] °

Logging residues

transition from non-integrated to integrated systems,
BT2 makes an assumption to avoid counting the
biomass as both logging residues and integrated thin-
ning biomass. A conservative estimate was 50% of
the logging residue supply estimates and 50% of the
thinning supply estimates, which means that over the
time of the projection, about half will come from the
recovery of logging residues and half from thinnings.

In BT16, the primary feedstocks from timberlands
were again changed, as the new model can differenti-
ate spatially and temporally between logging residues
and the cutting of whole trees (table 3.3). The under-
lying assumption is that all harvesting of residues is
integrated—the biomass portion (logging residues)

IS harvested at the same time as the conventional
timber.

“Conventionally sourced wood” in the 2011 BT2 is
categorized as “whole-tree biomass” in BT16. The
new whole-tree biomass category is commercial and
noncommercial trees harvested for biomass from a
stand in which no commercial trees are harvested
for conventional products—all trees harvested go to

Composite

Thinnings (timberland)

Thinnings (other
forestland)

Other removals

Conventionally sourced
wood

Whole trees

Note: Thinnings (other forestland) and other removals are covered in chapter 5. Thinnings (timberland) are included as logging

residues or whole-tree biomass.
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biomass uses. The stand can be clear cut (all trees
removed) or thinned (partial cut of trees in the stand).
In the model, this biomass type was harvested only
when there was not a sufficient amount of logging
residues to meet the biomass demand in a scenario.
(The process is explained in detail in subsequent
sections of this chapter).

As trees grow and mature, their value usually in-
creases greatly along with their size and form. The
use of wood for energy purposes is not competitive in
the market compared with the use of wood for paper,
board, and lumber products. As a result, only younger
stands and smaller-diameter stands are harvested as
whole-tree biomass.

Logging residues are available only when trees are
harvested for conventional timber markets; when
those markets are saturated, logging residues are no
longer available as a source of biomass. In this anal-
ysis, logging residues are assumed to be harvested as
an integrated product, along with the conventional
sawlogs and pulpwood, at a relatively low extra cost
compared with whole-tree biomass. Therefore, all
available logging residues are harvested first in the
model to meet the biomass demands in the scenarios.
When the demand is greater, then the model solves
for the lowest-cost whole-tree biomass to supplement
the demand.

Forest biomass (e.g., loblolly pine) is a unique re-
source as a biomass feedstock and an economically
feasible alternative or complement to conventional
forest product systems. The current resource, grown
primarily for pulpwood and other traditional forest
products, is the result of decades of research in plan-
tation management. Because of its cultural accep-
tance, extensive management knowledge, established
genetic improvements, and high yields, pine is a key
candidate feedstock to support the emerging biomass
industry at a feasible scale in the southern region.
Kantavichai, Gallagher, and Teeter (2014) assessed
the feasibility of loblolly biomass plantations and
compared breakeven prices for a short-rotation

biomass plantation with those for a traditional timber
management plantation. For landowners, if biomass
stumpage prices reached $10.50 per green ton (or
higher), biomass plantations would be feasible; fur-
thermore, biomass plantations can benefit landowners
interested in diversifying their management portfoli-
0s. Munsell and Fox (2010) also examined the feasi-
bility of increasing biomass production from harvest-
ed pine sites and idle farmland by looking at yield
simulation models and financial analyses. Results
suggest that with intensive management, a mixture of
conventional and biomass pine (on harvested sites)
could be profitable for landowners.

Land use change in forestry has consisted primarily
of the conversion of forestlands to other uses such as
residential and commercial infrastructure (Bentley
and Steppleton 2012). In this report, there is no land
use change from/to forestry and non-forestry use.
Neither are there any exchanges between agriculture
and forestry, as the ForSEAM and the POLYSYS
models are not linked.

Another significant underlying assumption is that
there are no changes in land cover (i.e., harvest was
followed by reestablishment/continuation of the same
cover type). There are no additional plantations es-
tablished on natural stand sites for biomass. Current
plantations are regenerated as plantations but are not
necessarily harvested for biomass, as is explained in
section 3.4. The assumption makes it difficult to meet
future demands in this report.

As reported in the 2011 BT2, the component ratio
method (CRM) was used for calculating the
non-merchantable volumes of the merchantable
trees (Heath et al. 2008). The method was again
used in BT16. The FIA program of the USDA Forest
Service adopted the CRM in 2009 for estimation of
the above-ground live tree component biomass. The
approach is based on (1) converting the sound vol-
ume of wood in the bole to biomass using a compiled
set of wood specific gravities, (2) calculating the
biomass of bark on the bole using a compiled set of
percent bark and bark specific gravities, (3) calcu-
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lating the biomass of tops and limbs as a proportion
of the bole biomass based on component propor-
tions, (4) calculating the biomass of the stump using
equations, and (5) summing the parts to obtain a total
aboveground live biomass. The CRM incorporates
regionally specific volume models by species and
species group (Domke et al. 2013).

The methodology has had some scrutiny. Domke et
al. (2013) report that biomass and carbon stock esti-
mates decreased, on average, by 16% for the 20 most
common species across the 48 conterminous states.
A similar volume-to-biomass conversion method
significantly underestimates biomass from 6.3% to
16.6% for selected species (Zhou et al. 2011). Heath
et al. (2008) report lower biomass estimates with the
CRM. Mater (2015) reports that CRM underestimates
for species outside the west range from 5% to 36%,
with 15% a mid-range value for northern and south-
ern species.

The CRM was used in BT16 primarily for consisten-
cy with the 2011 BT2 and compatibility with the FIA
database. The CRM is consistently applied across the
United States in the FIA (Woodall et al. 2011). As
improvements are made in the CRM, such as devel-
oping a method of estimating merchantable bole bio-
mass for the sawlog component and the component
above the minimum sawlog top diameter for timber
species in the FIA program, more accurate and better
biomass estimates will be available in the database.
Additional efforts are ongoing in the continued re-
finement of FIA’s modeling/estimation procedures to
estimate biomass in the future (Woodall et al. 2011).

Woody crops for energy are considered in chapter

4, as they were in the 2011 BT2. That is because the
agricultural model uses agricultural land for energy
crops. The forestry analysis used a new model (de-
scribed in detail later in this chapter) that can look at
land change; however, it is not yet capable of linking
agricultural and forestry lands together to analyze
land use change between the two sectors. Since there

are no definitive data, and there are many uncer-
tainties surrounding both technical and social as-
pects of land use decisions in forestry, a simplifying
assumption used in this analysis was that land use in
forestry did not change. All timberlands are assumed
to remain in forestry over the analysis period. Fur-
thermore, no intensification changes are made in the
stand types. All stands regenerate back to the previ-
ous stand type. For example, natural pine or mixed
stands are not put back into fast-growing plantations.
Harvested plantations are assumed to be regenerated
artificially as intensively managed plantations.

3.1.4 Federal Lands and Fire

In the 2011 BT2, biomass from federal lands was esti-
mated separately from biomass from private lands for
most feedstock types. Again, in this analysis, federal
lands are estimated separately, but they are included
in the model. The primary reason for separating them
is that biomass from federal forestlands—the largest
component of public lands—is excluded from being a
qualifying renewable biomass under EISA.?2 Biomass
is estimated for all private and federal ownership
categories, even though federal lands do not currently
qualify under the RFS. Federal lands are included
because they are a valuable source of biomass, and
because reducing and removing biomass is one way
of improving the resiliency of federal lands under
stress from droughts, pests, and fire.

From 2005 to 2014, almost 628,000 wildfires con-
sumed nearly 65 million acres in the United States,
representing a serious environmental and economic
threat that is extremely costly to battle (NIFC 2016).
Although much of the annual variation in the number
and size of wildfires (fig. 3.3) reflects climate varia-
tion, it is more generally an indication of poor forest
health. Much of the fuel for wildfires results from
overstocked forestland with small-diameter trees.
Those conditions make trees generally more suscepti-
ble to attacks from insects and disease, which lead to

2 Energy Independence and Security Act of 2007, Pub. L. 110-140, 121 Stat. 1492, http:/www.apo.gov/fdsys/pka/BILLS-110hr6enr.
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early mortality and create an ideal source of fuel. The pleton 2012). Figure 3.4 illustrates the vast land area

problem is expected to intensify as weather patterns where high tree mortality (>25%) from insects and
continue to change, with more severe droughts and diseases is expected. Note that the issue is not limited
precipitation shifts in the future (Bentley and Step- to the West but impacts forestland across the nation.

Figure 3.3 | Land area impacted by wildfires annually (2005-2014) in the United States
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Figure 3.4 | Areas with potential risk of tree mortality greater than 25%
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Wildfire suppression costs routinely run in the bil-
lions of dollars every year, leading to intense interest
in developing effective remediation approaches. Re-
mediation would involve reducing stocking through
various types of harvest operations. There are clear
access challenges; however, a major issue is the
absence of attractive markets for what ultimately is
small-diameter, low-value trees. Although the Forest
Service has sold a not insignificant tonnage of woody
biomass over the last 5 years to address forest health

concerns, the total amount has declined from 2.3 to
1.6 million dry tons (table 3.4). The decline can be at-
tributed, in part, to the limited value of the raw mate-
rial. The availability of new technology to effectively
utilize this woody residue for the production of fuels

and industrial chemicals would ultimately increase

the
the

value of the resource and expand the volume of
feedstock for the biomass industry. This outcome

would have important ramifications for forest health
across the country, as well.

Table 3.4 | Amount of Biomass Sold for Energy and Wood Products from National Forestlands, 2010-2014

Biomass sold (dry tons)

Bioenergy Bioproducts Total
2014 1,099,527 500,126 1,599,653
2013 1,429,677 298,848 1,728,525
2012 1,398,284 535,500 1933784
20M 1,473,071 510,426 1,983,497
2010 1,651,419 643,635 2,295,054

Source: Data from NIFC (2016).

The Bureau of Land Management (BLM) manag-
es 58 million acres of forest and woodlands. They
include pinyon-juniper and western juniper wood-
lands, Alaska boreal forest, and 2.2 million acres of
the Oregon and California Railroad Revested Lands
in western Oregon, as well as forests in the Rocky,
Sierra Nevada, and Cascade mountains (BLM 2014).
In 2014, BLM sold about 116,559 green tons of bio-
mass (including firewood permits and biomass chips
from Stewardship contracts). In 2014, BLM com-
pleted 28,875 acres of thinnings. These acres con-
tribute to the nearly 117,000 green tons sold, but not
all thinnings result in a permit or contract to convey
material.

3.1.5 Sustainability

In the 2005 BTS, an underlying principle was the
sustainability of the selected feedstocks, which are
known to be sustainable under proper production,
harvest, and use regimes. The 2011 BT2 took such
assumptions further with supporting analyses and

the
inp
the
vol
mo

incorporation of delimiters in land use, location,
uts, removal levels, systems, and operations with
goal of maintaining environmental quality. BT16
ume 1 uses similar constraints and is followed by
re in-depth environmental sustainability analyses

in volume 2.
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For forestry resources to roadside, assumptions used
in the availability analysis of volume 1 are to

* Remove fragile, reserved, protected, and environ-
mentally sensitive forestland

e Access stands without road building

*  Use production and harvest systems specified for
particular species, timber size, and land condition
to minimize impacts

» Manage residue removal levels to protect the soil
and water and to ensure long-term productivity

e Assume the use of best management practices
(BMPs) and include in cost estimates

* Restrict harvest levels to ensure that timber
growth always exceeds harvest at the state level

* Leave at least 30% of logging residues on-site to
protection soil, provide habitat, and maintain soil
carbon.

Compliance with BMPs is very important to forestry
sustainability. BMPs are usually voluntary, but they
can have some compliance enforcement or regulatory
oversight. Many of the eastern states have compli-
ance monitoring programs to assess the application
of these BMPs or guidelines on public and private
forestland (Phillips and Blinn 2004). The approaches
among these states to collecting on-site monitoring
data (measuring compliance) and evaluating sites are
variable. A survey of eastern states found that almost
all the southern states monitor the application of
BMPs, but proportionally fewer of the northern states
have established compliance monitoring programs.
The state forestry agencies provide the leadership for
these programs in most of the eastern states. States
that monitor tend to evaluate all public and private
forestland owner categories located within their
states. In general, northern states monitor a broader
array of site resources (e.g., cultural resources, visual
quality) compared with southern states, which focus
on water quality and wetlands protection. However,
northern states focus their monitoring on timber har-
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vesting, forest road construction, and maintenance.

Forestry BMPs usually focus primarily on forest wa-
ter quality from timber harvesting, site preparation,
forest road construction and maintenance, stream
crossings, and other categories of forest operations.
Cristan et al. (2016) reviewed the literature on BMP
effectiveness and concluded the literature indicates
that forestry BMPs protect water quality when
measures are constructed correctly and in adequate
numbers. Another literature review by Anderson and
Lockaby (2011) concluded that a limited number of
studies have quantified BMP effectiveness in reduc-
ing sediment runoff. Three paired studies of forested
watersheds in the eastern United States found that
BMP efficiencies ranged from 53% to 94% in sedi-
ment and nutrient loading reductions (Edwards and
Willard 2010).

3.1.6 Alaska and Hawaii

Neither Alaska nor Hawaii is analyzed using the
model because of the lack of data. Alaska has forest
inventory data for portions of the state; Hawaii is
now starting to conduct forest inventories.

The approximate forestland area of Alaska is 127
million acres. Alaska is the only state that has never
had a complete forest inventory (PNW 2011). The
southeast and south-central regions of Alaska are
regularly inventoried. This area contains about half of
the state’s timberland. Public agencies manage 88%
of the 15.3 million acres of forestland in the coastal
region of Alaska (PNW 2011). Private owners hold
about 12% of the forested area in the region but about
24% of timberland. The same assessment of nearly
12 million acres of available forested land estimat-

ed only 3.7 million green tons of annual growth—a
limiting factor for accessing biomass.

There is increasing interest in the use of biomass

in southern Alaska, but use is constrained by high
transportation costs, currently inadequate harvesting
systems, and limited information on available biomass



Figure 3.5 | Lands in Alaska by ownership

supply. There are more than 1.3 billion tons of biomass
stored within the live trees of coastal Alaska. Nearly
83% of the live forest biomass in coastal Alaska is

on national forestland managed by the USDA Forest
Service. How much of this standing biomass can be
harvested is difficult to determine primarily because
of lack of accessibility and the drop in timber sales.
The harvest in southeast Alaska has dropped substan-
tially in recent years because of lawsuits over sales of
timber from the Tongass National Forest, lower timber
inventories on some native corporation lands, high op-
erating costs throughout the region, and shifting global
markets and competition (Barrett and Christensen
2011). Assessment of the biomass potential in Alaska
continues to be developed.

Hawaii has almost 2,000 acres of forest area that
have about 48% forest cover (FIA 2012). However,
the islands are just now being measured for the Forest
Service FIA. Some old assessments have been com-
pleted for merchantable wood estimates that provide
some level of biomass potential analysis (see Turn,
Keffer, and Staackmann 2002). The Hu Honua bio-
energy facility is developing a 30 MW power station
that uses eucalyptus plantation and wood residues.

3.2 Timber and
Biomass Harvest Costs

3.2.1 Methodology

For the 2011 BT2, harvest costs for simulated thin-
nings and conventionally sourced wood were calcu-
lated using an adapted Fuel Reduction Cost Simulator
(FRCS) (Dykstra, Hartsough, and Stokes 2009; Fight,
Hartsough, and Noordijk 2006). The FRCS estimates
the biomass-to-roadside cost by three system types:
(1) whole-tree harvesting with mechanical felling and
ground-based extraction, (2) whole-tree harvesting
with manual felling and ground-based extraction, and
(3) whole-tree harvesting with manual felling and
cable-yarding (DOE 2011). The cable-yarding system
is used when the slope of the harvested land exceeds
40%. All biomass is chipped, and the chipping cost

is added to the harvest cost for the thinnings. For
logging residues, FRCS is used to calculate chip-
ping costs only, as the underlying assumption is that
logging residues are felled and extracted along with
the merchantable trees; thus there is no harvest cost
for biomass as a by-product. Fuel costs and labor
rates are adjusted according to the region of the
United States modeled. Stands over 0.25 mile from
an established road for cable-yarding systems, and
between 0.5 and 1.0 mile for ground-based systems,
are too expensive to be considered, although they are
not excluded.

A different approach is used to estimate harvest costs
in this study. The harvest costs and chipping costs
are estimated as input to FOrSEAM (see section 3.4.).
Specifically, input costs are derived for each of the
following parameters:

U.S. region: Northeast, North Central, South,
Inland West, and Pacific Northwest

» Stand type: Upland hardwood, lowland hard-
wood, natural softwood, planted softwood, or
mixed softwood/hardwood
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e Stand diameter class: Class 1, diameter
>11 inches; class 2, diameter 5-11 inches; and
class 3, diameter <5 inches

e Cut (type of harvest): Clear cut or thinning (par-
tial cut)

e Products: Timber (merchantable products of
sawlogs and pulpwood), logging residues (forest
residues), and whole-tree biomass

e Harvest method: Full tree or cut-to-length

e Ground slope condition: <40% or >40%.

A deterministic spreadsheet model developed by the
Consortium for Research on Renewable Industrial
Materials (CORRIM) was used to estimate the input
harvest costs to ForSEAM. The CORRIM model
calculates cost, fuel, and chemical outputs (Oneil et
al. 2010; Johnson et al. 2004) and had been modified
previously to estimate the costs of harvesting forest
residues (Johnson, Lippke, and Oneil 2012). In this
particular version, the spreadsheet model was used to
calculate machine and labor costs, with fuel costs as a
part of the machine rate.

3.2.2 Harvest Systems

The CORRIM spreadsheet provides individual
machine costs by region and by equipment attributes
such as engine horsepower, undercarriage (tracks or
tires), capacity, and use (clear cut or thinning). These
machines must be assembled into systems to deter-
mine total costs for the production of timber, logging
residues, and whole-tree biomass.

In most cases, the system is full-tree (see text box
3.2), meaning the felled trees are taken to a landing to
be processed. Processing could consist of removing
the limbs and tops and then loading the stems onto
trailers (timber harvest). The remaining biomass—
limbs, tops, small and cull trees, and tree wastes (i.e.,
logging residues)—could then be chipped. In steep
ground conditions, trees are usually processed at the
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Text Box 3.2 | Harvest Methods

Cut-to-length: Trees are felled, delimbed, and
bucked to individual product lengths directly in the
stump area and then transported to the landing or
roadside as log sections. In this study, only softwood
species are harvested with cut-to-length methods.

Full-tree: Trees are felled and transported to the
landing with the branches and top still intact.
Transport to the landing is usually by skidder

(cable or grapple). At the landing, the full trees are
delimbed and bucked into individual products and
components—sawlogs, pulpwood, limbs, and tops—
or chipped as full trees.

Source: USDA Forest Service (2016).

stump, and only log sections or the tree bole is moved
to the landing. For those systems, no biomass in the
form of logging residues is recovered. The same is
true of cut-to-length systems in which the felling and
processing occurs at the stump and only clean, short
boles of wood are extracted to the landing with no
biomass recovery. Finally, in cases when whole trees
are harvested for use as biomass and the merchant-
able timber is not sorted or removed, the full trees
could be processed into smaller components such as
chips or particles.

Conceptually, timber harvesting requires felling,
extraction, processing, and loading functions that
make up a system. Each of the functions has vari-
ous alternative equipment types. Felling equipment
can range from chainsaws to large-capacity, tracked
swing feller-bunchers. Extraction equipment can be
cable or grapple skidders, forwarders, or cable-yard-
ing. Processing can be even more complex, occurring
either at the stump or at the landing, with options that
include chainsaws; various types of delimbers and
buckers; and comminution machines such as grind-
ers, hogs, and chippers. Figure 3.6 shows representa-
tive machines used in harvesting.



Figure 3.6 | Machines for harvesting trees and forest residues

(Courtesy of U.S. Forest Service Southern Research Station)

In harvesting timber (e.g., merchantable sawlogs and
pulpwood), the final product is usually delimbed and
topped into tree-length roundwood or logs cut to spe-
cific lengths. In some cases, the pulpwood trees can

be delimbed and debarked at the landing and chipped.

This option is not considered in this study but could
have wide application if the limbs, tops, and bark
could be economically recovered for biomass. Then,
if logging residues were recovered during the harvest
or after the harvest of the roundwood timber, a chip-
per and usually another loader would be added to the
timber harvest system.

The concept of integrated logging with the harvest

of merchantable wood and biomass occurring at the
same time is discussed in more detail in the 2011
BT2. Finally, if merchantable trees are not separat-
ed, and all the felled and extracted trees are used

for biomass, then the system has the same machines
used for timber harvest without any delimbing and
bucking, but without an extra loader with the chipper.
The key component in this study is that merchantable
materials are assumed to be harvested as round-
wood. If the logging residues are recovered, they are
integrated into the system by adding a chipper and
another loader. If only biomass is harvested as whole
trees, then the system consists of felling, extraction,
and chipping without any delimbing or bucking.

The systems are assembled specifically for the region
(see text box 3.3), stand type, type of harvest (clear
cut or thinning), products, harvest method, and
ground slope. Regions have various systems based
on the other parameters, e.g., systems for hardwood,
planted softwoods, steep slopes. However, the region
determines the harvest method—whether full-tree or
cut-to-length. A regional logging analysis report is
used primarily as the basis (Baker et al. 2013), along
with professional judgments of associates. In the
final analysis, 50% full-tree and 50% cut-to-length
systems are assumed for the Inland West and North
Central regions. The other regions are assumed to

be 100% full-tree. In effect, the use of cut-to-length
systems reduces the available logging residues by

Text Box 3.3 | Harvest Regions

Harvest costs are determined for five geographical
regions of the United States (excluding Alaska and
Hawaii). These regions, although not definitive in the
inclusion/exclusion of specific states, were chosen to
represent the types of stand or ground conditions.
The five regions used in this study are similar to
those reported by Johnson, Lippke, and Oneil (2012).
The regions and states are listed in table 3.5.
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approximately half, since it is assumed that the log-
ging residues behind cut-to-length operations stay in
the woods. Cable-yarding is included only on slopes
greater than 40% and predominately in the Inland
West and the Pacific Northwest regions. As with cut-
to-length systems, no logging residues are harvested.

Using the literature and the professional opinions of
associates, individual machines also are assembled
for each region, stand type, type of cut, product,
method, and slope. The type of equipment used in a
particular system is based on the region and the stand
type (Baker et al. 2013; Johnson, Lippke, and Oneil
2012; Wang, Hartley, and Liu 2013). For example,
in the Northeast, most hardwood is still felled and
delimbed with chainsaws (Wang, Hartley, and Liu
2013). This is also true of hardwoods and conifers
in the Pacific Northwest. Larger feller-bunchers,
skidders, cable-yarders, and loaders are used more
for clear cutting than for thinning. Tracked swing
feller-bunchers are used on hardwood stand types in
lieu of chainsaw felling in the South, as reported.

Much effort went into equipment selection for a
harvest system. The details are not reported in this
section but will be reported in an ancillary paper

in the near future. Since there are numerous types

of machines and variations of systems, the systems
used in this study are considered to be representative
only of the various systems used across the United
States or even in specific regions or stand types. The
systems are aligned with states (see table 3.5) as a
representative system, but the use does not infer that
the system used is the only system in that state or the
best representative of harvest systems in that state.

3.2.3 Harvest Costs

A cost per dry ton is estimated for each component,
and then the system cost is derived by summing these
component costs. The model uses these systems to
“seed” the economic analysis; therefore, the absolute
costs are not as important as the relative differences.
Care is taken to ensure consistency in underlying
assumptions to generate the costs.
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Table 3.5 | States in Forest Regions

North |[Inland | Pacific
Central | West Northwest
CcT AL IA AZ

CA

DE AR IL co OR
KY FL IN ID WA
MA GA KS MT HI
MD LA MI NM AK
ME MS MN NV

NH NC MO uT

NJ SC ND WY

NY X NE

PA VA OK

RI OH

N SD

VT WI
WV

Note: Alaska and Hawaii are not in the model.

The CORRIM database is used to develop the sys-
tems and the costs per ton of the merchantable prod-
ucts and the biomass (Johnson, Lippke, and Oneil
2012). The database includes equipment cost, labor
costs, and production levels (ton/hour) for a specific
machine. These estimates cover a range of years, as
the database is a composite of many published re-
ports. The machine and machine costs are updated to
a 2014 basis. The productivity levels are not changed,
except for being crossed-checked as needed because
of the appearance of outlier values.

The equipment costs are updated to 2014 using the
producer price index for construction machinery

manufacturing (Bureau of Labor Statistics 2015a).
The costs had been last updated in 2004, so a mul-



tiplier is used to update the costs to a 2014 basis.
All aspects of machine costs are included in these
estimates—owning, operating, and fuel costs.

Logging wages are updated separately for each state
and then averaged by region. The data are from the
Bureau of Labor Statistics (2015b) for logging wages
(North American Industry Classification System code
1133). A 35% loading factor for benefits and other
payroll costs is added to the wage costs.

Two other modifications to the CORRIM costs are
made: (1) adding part of the felling, extraction, and
preprocessing (delimbing and bucking) to the logging
residue costs and (2) adding an overhead cost. In
earlier versions of this report, an assumption was that
logging residues were integrated into the system and
brought to the landing as part of the timber harvest.
The working assumption had been that there were

no costs for logging residues except for the chipping
costs. All the costs for felling, extracting, delimbing,
bucking, and loading were allocated to the timber,
and none of these costs were allocated to the logging
residues (Jernigan et al. 2013). That assumption

is changed in BT16 to allocate 10% of the timber
harvest cost to the logging residues, in addition to the
entire chipper and second loader costs.

Since no commercial timber products are recovered
in whole-tree biomass harvest systems, all the felling,
extracting, and chipping costs are allocated to the
biomass costs. There are no timber delimbing and
bucking costs, but a loader is also included to handle
the biomass around the chipper.

Finally, there are overhead costs associated with a
harvest system (e.g., a foreman, profit, tools and sup-
port equipment, and fueling systems). For this study,
15% of the total system cost is added to the total cost
to cover these overhead costs. It is assumed that this
added cost also covers the cost of BMP treatments,
such as bridge and stream crossings, deconstruction
of roads, and establishment of grass protection zones.

3.3 Projections of
Wood Fuel Feedstock
Supplies from U.S.
Forests under Six
Demand Scenarios

3.3.1 Introduction

The previous Billion-Ton reports, BTS and BT2, (Per-
lack et al. 2005; DOE 2011; Turhollow et al. 2014)
estimate potential wood availability for a given price
through 2030, but they do not consider competition
for wood with conventional products such as lumber,
paper and panels. We evaluate the use of small-diam-
eter roundwood (softwood less than 9 inches in di-
ameter at breast height [dbh] and hardwood less than
11 inches dbh) that is being harvested to supply wood
biomass feedstocks in conjunction with conventional
products; our analysis accounts for changes in stand-
ing timber inventories, net growth, and investment

in tree plantations. Because small roundwood is (1)
sold in a competitive market and used for paper and
panel manufacturing and (2) harvested in conjunction
with sawlogs that are used for lumber and plywood,
the conventional and wood energy markets are linked
and are modeled jointly in this analysis.

To incorporate wood energy markets into conven-
tional wood products markets, this study develops
six projection scenarios: a baseline scenario and
five alternate scenarios that include three levels of
increased national wood energy demand, two levels
of increased housing starts (which lead to increased
solid wood products demand), and increased inten-
sity of forest plantation management (to meet high
wood energy demand). The projections are made

to 2040. For each scenario, we estimate wood fuel
feedstock supply and conventional timber supply by
U.S. region (North, South, and West) and source (log-
ging residues, mill residues, small roundwood, large
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roundwood, and fuelwood) to meet national wood
energy and conventional wood product demands.

The USFPM/GFPM (Ince et al. 2011a) is used to
project wood energy supply and prices along with
production, net imports, and prices for other wood
products. To better project the impacts of increased
wood energy demands on southern forests, a model
is developed that combines the market projections of
USFPM/GFPM with the forest inventory projections
of the SRTS model (Abt, Cubbage, and Abt 2009).
This combined model provides projections of region-
al wood fuel feedstock production and timber use in
conventional products that are used in subsequent
modeling efforts to estimate wood fuel feedstock sup-
ply by U.S. county (section 3.4).

This section discusses the wood energy and mar-
ket scenarios, the USFPM/GFPM+SRTS modeling
approach, and the projection results and summarizes
the findings.

3.3.2 Wood Energy and
Market Scenarios

Six scenarios are developed to evaluate U.S. forest
product market outcomes for three levels of U.S. na-
tional wood biomass feedstocks demand, two levels
of housing recovery, and two levels of southern pine
plantation growth rates (table 3.6). In all scenarios,
(1) U.S. demand for solid wood products is driven by
projected growth trends in U.S. real gross domestic
product (GDP) and single-family housing and (2)
U.S. demand for paper products is driven by U.S.

real GDP and by recent historical growth rates for
advertising expenditures in print media and electronic
media (Ince et al. 2011b). Net exports of U.S. for-

est products are influenced by projections of global
demand for forest products and projections of global
currency exchange rates. All scenarios used the 2012
USDA Economic Research Service global projections
for GDP and currency exchange rates for all countries
to 2030 (USDA-ERS 2015).
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The baseline scenario in this study is derived from

a baseline scenario developed by Ince and Nepal
(2012) that assumes a moderate rebound in housing,
with average single-family housing starts increas-
ing to the long-run historical trend of 1.09 million
per year by 2020 and following a slowly increasing
trend thereafter (Ince and Nepal 2012). The baseline
scenario also includes wood energy demand, which
is determined by historical econometric relationships
between fuelwood consumption and GDP growth
(Simangunsong and Buongiorno 2001). In the
baseline scenario, wood energy demand increases by
about 26% between 2010 and 2040, from 58 to 73
million dry short tons. This scenario also includes a
pine plantation growth rate determined from the most
recent FIA data (USDA Forest Service 2015b).

The alternate scenarios vary with housing starts,
wood energy demand, and pine plantation growth
rates, as shown in table 3.6 and discussed in the fol-
lowing paragraphs.

Housing starts: For baseline housing starts, we
assume a return to the long-term average of 1.09 mil-
lion single family starts per year by 2020 as present-
ed in Ince and Nepal (2012), then an increase of 0.4%
per year after that. To generate a higher number of
housing starts, we assume starts would be 10% high-
er by 2025 and would stay 10% higher throughout
the projection. The top quartile of housing starts from
1959 to 2011 is at least 10% above the long-term
average, indicating that a higher rate is achievable.

Wood energy: The baseline wood energy demand
scenario is derived as shown in table 3.6. The mod-
erate and high wood energy demand scenarios are
assumed to represent increases in domestic and/or
pellet export wood energy demands that are not cap-
tured in the estimated relationship between fuel wood
use and GDP (fig. 3.7). Potential uses include the rap-
idly growing production of wood pellets for export
(Abt et al. 2014). The moderate wood energy demand
scenario is developed as a quadratic demand that
encompasses the announced production facilities in



the Forisk Consulting wood energy database through
2020 (Forisk Consulting 2014) and an assumed in-
crease based on continued pellet exports. This results
in a total wood energy demand in the moderate sce-
narios of 108 million dry short tons in 2040. The high
wood energy demand scenario assumes that produc-
tion in 2020 will be twice as high as in the moderate
scenario. After fitting a quadratic through the 2015
and higher 2020 points, we end with a demand of 143
million dry short tons.

Pine plantation growth rates: The two high-demand
wood energy scenarios are combined with the two
housing scenarios, and both include an assumption
that a timber supply response occurs from increased

timber demand for use in conventional products or
energy. We model this supply response by increasing
the growth rates on new pine plantations in the South
by 50%, which could occur from increased use of se-
lected genetic stocks and/or best practices for planta-
tion management. Recent research implies that under
specialized conditions, growth rates could be two to
five times higher than current levels (Fox, Jokela,
and Allen 2007; Jokela, Martin, and Vogel 2010). We
apply the 50% increase only on new plantations—
well within the potential range identified in Fox and
Jokela. In all other scenarios, the plantation growth
rate is based on growth rates from the latest FIA data
(USDA Forest Service 2015b).

Table 3.6 | Description of Wood Energy, Housing, and Plantation Investment Scenarios

Growth in housing

Scenario? !
starts

Growth in wood biomass
demand for energy*®

New plantation
management intensity
in the South¢

Moderate housing-low
wood energy (baseline)

Returns to long-term
average by 2025

Increases by 26% by 2040

Based on current FIA pine
plantation growth rate

High housing-low wood
energy

Adds 10% to baseline in
2025 and beyond

Increases by 26% by 2040

Based on current FIA pine
plantation growth rate

Moderate housing-
moderate wood energy

Returns to long-term
average by 2025

Increases by 86% by 2040

Based on current FIA pine
plantation growth rate

High housing-moderate
wood energy

Adds 10% to baseline in
2025 and beyond

Increases by 86% by 2040

Based on current FIA pine
plantation growth rate

Moderate housing-high
wood energy (and high
plantation growth)

Returns to long-term
average by 2025

Increases by 150% by 2040

Increases by 50% over current
FIA growth rate by 2040

High housing-high
wood energy (and high
plantation growth)

Adds 10% to baseline in
2025 and beyond

Increases by 150% by 2040

Increases by 50% over current
FIA growth rate by 2040

@ All changes are to domestic production; assumptions regarding international trade are not varied from Ince and Nepal (2012);
demand for paper and paperboard is consistent with Ince and Nepal (2012) assumptions.

® The long-term average of housing starts from 1959 through 2011 is slightly less than 1.1 million per year.
¢ Actual wood biomass production in 2010 was 58.2 million dry tons for all scenarios.

d Current average FIA growth rate on pine plantations across the South (all owners, all ages) is approximately 108 cubic feet/acre
per year (1.6 dry ton/acre per year). Increasing management intensity by 50% only on new plantations results in an increase in
the average South-wide growth rate over time up to 140 cubic feet/ac per year in 2040 (2.1 dry tons/acre per year).
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Figure 3.7 | Assumed U.S. wood energy demands
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3.3.3 USFPM/GFPM+SRTS
Modeling Approach

The USFPM/GFPM is a global forest products partial
equilibrium market model with detailed U.S. forest
products production, trade, and prices. In USFPM/
GFPM+SRTS, wood energy demand can compete
for supply sources also used to make lumber, panels,
and paper; forest inventory responds to harvest and
growth; and timber prices drive timberland area in
the South. U.S. demand for wood energy is specified
in the USFPM/GFPM at the national level, and the
model determines the fuel feedstock supply alloca-
tion among the North, South, and West regions by
using the lowest-cost feedstock sources to meet the
national demand. The U.S. demand for wood energy
includes demands for residential and industrial fuel
wood, as well as the potential for increased demand
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@® Moderate wood energy demand

2025 2030 2035 2040

® High wood energy demand

for wood pellets for export and/or assumed domestic
demands for biopower and biofuels.

SRTS is used to project southern forest timber inven-
tory as driven by timber harvests projected by USF-
PM/GFPM. In addition, SRTS provides estimates of
timberland area in response to increases in projected
timber prices. Timber inventory modeling in SRTS

is done at the FIA survey unit level (or an area with
a similar amount of timberland) because the FIA
data used are statistically reliable only at that level of
disaggregation. For the North and West, an endoge-
nous timber inventory model (Nepal et al. 2012) and
exogenous timberland area change (Ince and Nepal
2012) are used.

Two iterative procedures are used to develop pro-
jections from USPFM/GFPM and SRTS. The first
iterative procedure matches SRTS projections of



softwood sawtimber prices for the South with price
projections from USFPM/GFPM. To do so, SRTS
uses the USFPM/GFPM projected southern timber
harvests for each scenario as a fixed exogenous har-
vest quantity. Projected timber prices from the SRTS
run are compared with those from USFPM. Adjust-
ments are then made to (1) SRTS timber supply price
elasticities and (2) SRTS cull factors, which indicate
what proportion of hardwood and softwood saw-
timber harvest qualifies as small roundwood. SRTS
is then rerun using the same harvest as before. This
process is repeated until SRTS-projected softwood
sawtimber prices matches projected prices from
USFPM.

The second iterative procedure matches USFPM/
GFPM harvest and inventory for the South to SRTS
harvest and inventory. To develop a match, timber
harvest projections from USFPM/GFPM are used

in SRTS runs, and the resulting timber inventory
from SRTS is used in the subsequent run of USFPM/
GFPM as a shifter in the timber supply curves. The
timber supply elasticity with respect to inventory is
1.0 for all products and species. This iterative proce-
dure is continued until the projected timber harvest
quantities from the USPFM/GFPM and the south-
ern timber inventory quantities from SRTS do not
change. At this point, the two models are considered
to have converged and the modeling is considered
complete for that scenario.

USFPM/GFPM projections use an exogenous nation-
al demand for fuel feedstocks to be used for wood
energy. The feedstocks can be used to produce resi-
dential heat, industrial heat and power, commercial
heat, electricity, biofuels, and wood pellets for export.
The timber inputs that contribute to these feedstocks
include logging residues, mill residues (used to gen-
erate on-site power or sold to others for power), small
roundwood that can also be used to make paper and
panels, and fuel wood. Both fuel wood and logging
residues may be left on-site after a harvest if they are
more expensive than other sources of fuel feedstocks.

The USFPM/GFPM model linked to SRTS provides
projections of regional (1) timber supply for use in
conventional wood products such as lumber, panels
and paper products; (2) wood fuel feedstock supply
by source (logging residue, mill residue, pulpwood,
fuelwood); and (3) timber inventory.

3.3.4 Projection Results

Projected solid wood product consumption and
wood fuel feedstock sources and prices are generally
consistent with expectations based on assumptions
about demand drivers and costs for supply sources in
the models. For example, higher housing starts lead
to higher softwood sawtimber harvest; higher wood
energy demand leads to higher softwood non-saw-
timber harvest; the South continues to provide the
majority of wood used for energy; logging residue
use increases with increased wood energy demand;
and paper and paperboard production is lower with
increased wood energy demand. This section pres-
ents a few highlights of the results of the six scenario
projections. Additional model outputs and tables can
be found online in the Bioenergy KDF.

As shown in figure 3.8A and B, higher numbers of
housing starts lead to higher softwood sawtimber har-
vest in all scenarios. In addition, more housing starts
also lead to higher softwood non-sawtimber harvests
in response to increased demand for oriented strand
board, as this production more than doubles over the
projection period (fig. 3.8B). These increased har-
vests lead to increased prices and reduced timber in-
ventory relative to the baseline, except under the high
wood energy demand and high plantation growth

rate scenarios, in which additional tree growth in the
South begins to bring inventory back up to the base-
line levels. Figure 3.8 also shows that increased wood
energy demand results in slightly higher sawtimber
and non-sawtimber harvest.
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Figure 3.9A, B, and C show the source regions for
the wood supplied for energy for a moderate housing
recovery paired with low (baseline, moderate, and
high demands for wood energy. In all three cases, the
South continues to provide most of the wood for en-
ergy use, with the proportion increasing in the higher
wood energy demand scenarios; starting at 55% in
2010, the South supplies more than 68% of wood for
energy by 2040 in all six scenarios.

These aggregate outcomes obscure some of the
detailed production trends. For example, there is

a projected minor shift for U.S. small roundwood
from conventional uses for paper or panels to use for
wood energy under the higher wood energy demand
scenarios (figs. 3.10 and 3.11). As some portion of
small roundwood is used for wood energy in the
moderate and high wood energy demand scenarios,
less is available for the production of wood pulp for
use in paper production; as a result, production of

paper and paperboard is lower than the baseline (fig.
3.12). In the baseline or low wood energy demand
scenario, paper and paperboard production increases
by less than 550 thousand dry short tons from 2010 to
2040 (about 1%), which represents a slight recovery
from the recession and then a decline that continues
the previous historical trend. Adding additional wood
energy demands leads to declines of 1% in the mod-
erate wood energy demand scenario (a loss of about
300 thousand dry short tons of production compared
with 2010) and 3% in the high wood energy demand
scenario (a loss of about 1.2 million dry short tons of
production compared with 2010). Newsprint pro-
duction is least affected, as it uses recycled paper as
a major input. The largest reduction occurs in other
paper and paperboard, followed by printing and
writing paper. Northern and western paper produc-
tion is affected more than southern paper production,
and the increase in housing starts has little impact on
paper production.
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Figure 3.9 | Projected U.S. wood energy production by region for low (4), moderate (B), and high (C) wood energy
demand scenarios paired with moderate housing demand
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Figure 3.11 | Projected U.S. small roundwood production for wood energy use by scenario, 2015-2040
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In addition to the shift of small roundwood to wood
energy, the higher wood energy demand scenarios use
higher amounts of logging residues as feedstocks. As
the demand for wood energy and the supply of fuel
feedstock increase, the proportion of feedstock from
logging residues increases. This increase is due to
relatively lower costs for logging residue versus other
feedstocks at higher levels of demand (fig. 3.13). In
2015, few logging residues are used for wood energy
because of the (relatively) high cost of procurement.
As demand increases, however, logging residues
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begin to fulfill more of the demand for wood biomass
feedstocks. By 2040, logging residue inputs to wood
energy are greater than the small roundwood inputs
in both the moderate and high wood energy demand
scenarios.

3.3.5 Summary

This study investigates the impacts on the U.S. forest
sector of scenarios projecting moderate and high
growth in U.S. single family housing starts, and low



Figure 3.12 | Projected U.S. paper and paperboard production by scenario, 2015-2040
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and moderate growth in wood energy demands. In
addition, we model a high wood energy demand
scenario, coupled with a timber supply response that
involves increased growth rates on pine plantations in
the South, presumably spurred by the increased wood
energy demands. The low wood energy demand
scenario reflects an assumed increase in wood energy,
linked historically to increases in GDP, and results

in an increase in demand of 53 million dry short tons
by 2040. Moderate and high wood energy demand
scenarios (an additional 125 and 250 million dry
short tons, respectively, over the baseline in 2040)
represents potential demand that could occur because
of increases in either domestic or international use of
wood for energy.
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Figure 3.13 | Projected U.S. logging residue use for wood energy by scenario, 2015-2040

60

50

40

30

Million dry short tons

20

10

.......
B e S S S
0 e T o x 1

2010 2015 2020

= Baseline—moderate
housing+low wood energy

**==== High housing+low
wood energy

The USFPM/GFPM+SRTS modeling framework was
designed to allow for competition in wood product
markets. The results of the projections show tradeoffs
among fuel feedstock sources (logging residues,
fuelwood, mill residues, and small roundwood) and
between end uses (wood energy and conventional
wood products). The analysis focuses on understand-
ing the impacts of a combination of housing starts,
wood energy demands, and plantation growth on
timber harvest, timber growth and inventory, timber
prices, and competition for wood biomass between
conventional uses (e.g., production of lumber, panels,
papers) and wood energy use.

The results show that the U.S. timber harvest in-
creases in response to increased housing starts and
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increased wood energy demand, affecting product
prices, biological forest growth, and increased pine
plantation area in the South. Because of assumed
relationships between increasing softwood sawtimber
prices and timberland area in the South, all scenarios
show timberland area changing as sawtimber prices
change, offsetting some of the inventory loss due to
increased harvests over the baseline. The demand for
wood energy competes with the demand for wood for
conventional products such as lumber, panels, and
paper. Increased wood energy demand coupled with
increased housing demand raises both fuel feedstock
prices and small roundwood prices, making both
recovery of logging residues and the diversion of mill
fiber residues and roundwood pulpwood to wood en-



ergy use economically feasible. Most of the logging
residues and small roundwood needed to meet the
increased wood energy demand come from the South.
Because of increased competition for small round-
wood, the projected production of paper and paper-
board declines more under the moderate and higher
wood energy demand scenarios than under the low
wood energy demand scenario (baseline).

The USFPM/GFPM+SRTS modeling framework
uses the latest available information on timber
productivity and costs of production for each of the
wood inputs and assumes that current market struc-
tures will continue through 2040. Most of the struc-
tural relationships are based on historical relation-
ships as derived through statistical modeling. Thus,
the outcomes of the projections provide consistent
and reproducible results that can be used to compare
policy alternatives or “what if” scenarios, but we do
not assess the probability that any of these scenarios
would occur.

3.4 Biomass from U.S.
Timberland Using the
Forest Sustainable and
Economic Analysis
Model

3.4.1 Introduction

The United States has extensive forest resources.
These resources provide a number of benefits, one
of which is wood fiber. This chapter provides esti-
mates of forest biomass available at different prices
from timberland in the contiguous United States.
The biomass cost estimates incorporate the costs of
stumpage, harvest, collection, and chipping. They

represent biomass available at the roadside and its
corresponding breakeven price.® Supply curves are
developed for each county in the contiguous United
States. In this analysis, biomass from forests includes
forest residues from integrated forest operations and
whole-tree biomass, in which both commercial and
noncommercial trees are harvested for biomass. In
both cases, harvests are only on forestland classified
as timberland.

There are about 750 million acres of forested land

in the United States. About 2/3 of these lands are
classified as timberlands* (Oswalt et al. 2014; USDA
Forest Service 2007; Smith 2014; Miles 2015; Perry
2014; Pugh 2014). According to Smith et al. (2009),
the timber volume on timberland has increased by
50% since the 1950s. Most U.S. forestland is owned
privately (58%) with private ownership dominating
the North (74%) and South (87%). Private forests
provide most (90%) of the wood and paper products.
After harvest, most forestland regenerates naturally.
However, 13% of the timberland is planted, mostly
in the South (72%); 25% of the planted acres are
located in the Pacific Northwest (Oswalt et al. 2014).
These forestlands, in all likelihood, will contribute
cellulosic feedstocks in the future. Timber resources
are projected to be abundant enough to meet de-
mands, especially if efficiency gains in harvesting
and conversion technology continue. In a recent
analysis conducted by the Forest Service (USDA
Forest Service 2012), increased competition for land
resources occurs in the RPA scenario; and the highest
increase is in wood biomass use for energy (Bentley
and Steppleton 2012).

Forest biomass is a potential biomass feedstock con-
sisting of a combination of sources:

» Removal of a portion of logging residue that is
currently generated during the harvesting of tim-
berlands for conventional forest products

3 Roadside price is the price a buyer pays for wood chips at a roadside in the forest before any transport and preprocessing to the

end-use location.

4 Timberland is defined as lands capable of producing 20 ft* per year per acre and not legally reserved from timber harvest.
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* Removal of excess biomass from fuel treatment
operations (reducing biomass to help forests
increase fire resistance) and thinning operations
designed to reduce risks and losses from cata-
strophic fires and improve forest health

*  Whole tree removal from primarily smaller-di-
ameter merchantable stands (i.e., pulpwood and/
or small-diameter stands).

It is projected that access to biomass will come from
integrated harvesting operations that provide sawlogs
and pulpwood to meet existing market demand and
provide biomass for energy and bioproducts. Three
potential resources are not considered in this chapter
(and are instead considered in chapter 5):

e Other removal residue that occurs when wood
is cut during the conversion of timberland to
nonforest uses and during thinning of “other
forestland™> (non-timberland) that is conducted
to improve forest health by removing excess
biomass on low-productivity land

e Forest residues, mill wastes, and so forth created
once the trees leave the landing

e Urban wood waste.

The processing of sawlogs, pulpwood, and veneer
logs into conventional forest products generates sig-
nificant quantities of bark, mill residues (coarse and
fine wood), and pulping liquors, along with fuelwood
used primarily in the residential and commercial sec-
tors for space heating and by some electric utilities
for power generation. These resources are not consid-
ered in this chapter.

3.4.2 Methods

The linear programming model ForSEAM was con-
structed to estimate forestland production over time,
and its capacity to produce not only traditional forest
products but also products to meet biomass feedstock
demands. The model, based on earlier work (He et al.
2014), can be used to assess the quantity of biomass

that might be available as biomass feedstocks and at
what marginal cost. It assumes that projected tra-
ditional timber demands will be met and estimates
costs, land use, and competition between lands. A
cost minimization model requires both price and cost
information to produce end products. It has an objec-
tive function of minimizing the total costs (harvest
costs and other costs) under a production target goal
in addition to land, growth, and other constraints.
The cost minimization model requires harvesting and
stumpage costs for removing timber products. No
product price information is needed for the model;
however, a production volume is required.

For each of the six scenarios, ForSEAM was run at
demand levels ranging from 1 million dry tons to ap-
proximately 185 million dry tons in 1-million-dry-ton
increments. The large volume of data precludes us
from summarizing the results of every demand level.
Instead, we selected the highest demand run that had
a solution in all years of the simulation to provide a
representative summary of production and harvest-
ed acreage. These were used to develop the supply
curves of available biomass. Table 3.7 summarizes
the demand level chosen for each scenario.

Table 3.7 | Supply Curve Demands

Selected
demand
simulated level

Demand
levels

Million dry tons

ML (baseline) 1to 187 16
MM 1to 184 93
MH 1to 184 82
HL 1to 187 n7
HM 1to 184 94
HH 1to 184 83
HM 1to 184 94

> See text box 3.1 to understand forestlands vs. timberland in the USDA Forest Service FIA database.
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The remainder of this section describes the cost min-
imization model ForSEAM. The system of models
incorporates the USFPM, ForSEAM, POLYSY'S, and
IMPLAN (IMpact analysis for PLANning). USFPM
is used to determine what traditional forest product
supplies will be required for the scenario. FOrSEAM
provides biomass demand and supply components

from conterminous U.S. timberland (excluding

Figure 3.14 | ForSEAM modeling system

Alaska and Hawaii). These supply curves can be used
either in a stand-alone manner or within POLYSY'S
(De La Torre Ugarte and Ray 2000). POLYSY'S out-
put can then be used to determine the impacts on land
use, farm sector income, and environmental indica-
tors for soil erosion, carbon, fertilization application,
and chemical application. In addition, it can be used
in IMPLAN, an input-output model that estimates the
impacts to the economy (fig. 3.14).
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3.4.3 Mathematical Model residue collection (U) (Eq. [1]). The choice variables
(X,X CT L, Z, U) defined in table 3.8, along with the

indexes defined in table 3.9, reflect location (i), stand
type (j), average stand tree diameter (k), slope of the

land the stand is on (m), method used for harvest (c),
type of product that will be produced (p), and time of
harvest (t). Every time the choice variable enters the

solution, an acre of land is used.

ForSEAM minimizes costs, subject to numerous con-
straints. As constructed, ForSEAM has about 30,000
decision variables and 17 constraints with a density
of more than 189,000 single equations. The model
minimizes the costs of traditional harvest (X,X CT L),
harvest of whole trees for biomass (Z), and logging

COSTX,XCT L,Z,U (t) = Z?Si 2j5=1 z:I§=1 z:rzn [20 170, komcpt iJ, kct(CLljomc SCi,j,k) +
XCTLIJ k,0=1,m,c pt ij.kc,t (CTLIJ m,c S’Ci,j,k):I + 2?251 Z;Ll 2?@2 an [ZI,j,k,O,m,C,tﬂi,j,k,C,t (CWi,j,o,m,c +
S’Ci,j,k):I + 2?251 2;3=1 22 22 [Ulj k,0,m,c,t ei,j,k,c,t (CRi,j,m,c + SCRle)]

Table 3.8 | Descriptions of the ForSEAM Decision Variables and Coefficients

Variables and AF
Decision variables

Acres of timber land harvested using cut-to-length logging option in POLYSYS region i for tree species j, stand

XCTL ikomept diameter class k = 2, land slope m, and cutting option ¢ and conventional wood product p at time period ¢; only

on private land o = 1; there is no cut-to-length on federal timber land

X ikom et Acres of timber land harvested to meet conventional demand forall /,/,t,0,m,c, k=1,2
Y4 ikom .t Acres of class 2 and class 3 whole trees harvested to meet woody biomass demand, forall /,j, t,o,m,c, k=2,3
U komect Acres of logging residue harvested to meet woody biomass demand forall /,/, t, 0,m, ¢, k=1,2

Right-handed sides

Ai,j,k, omt Available acreage at time t for all /, /, k, 0, m, and t (acres)

éi‘j,k, om Growth (cubic feet) for all /, j, k, 0, and m

B, Woody biomass targets (dry tons) in period t

D, p: State conventional demand for sawlogs and pulpwood for all p, t, k =1, 2 (cubic feet)

A Initial available timber acres in POLYSYS region / for tree species j and stand diameter class k on timber land o
tikom with slope m

Coefficients
Logging residue harvesting costs for thinned (partial cut) trees and clear-cut trees in POLYSYS region / for tree

CRH om.c species j, ownership o, land slope m, and cutting option ¢ (§ per acre)

cL Log harvesting costs for thinned (partial cut) and clear-cut trees (§ per dry ton) in POLYSYS region / for tree
ijomc species j, ownership o, land slope m, and cutting option ¢ (§ per acre)

cTL Logging harvest costs for cut-to-length (§ per dry ton) at POLYSYS region / for tree species j, ownership o,

i.jomec land slope m, and cutting option ¢ ($ per acre)

Whole tree harvesting costs for thinned (partial cut) and clear-cut trees (§ per dry ton) as developed and
CW.Y y explained in preceding section in POLYSYS region / for tree species j, ownership o, land slope m, and cutting
option ¢ ($ per acre)

Stumpage costs (§ per dry ton) of logs in POLYSYS region / for tree species j, and stand diameter class k ($ per

SCL ik acre)
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Variables and —_—

Decision variables

Stumpage costs ($ per dry ton) of logging residues in POLYSYS region / for tree species j, and stand diameter

SCR, .« class k ($ per acre)
o Percentage of timberland that can be harvested at each period in region / of stand species j and stand diame-
i k ter class k
a Log yield 2015 in POLYSYS region / for tree species /, stand diameter class &, cutting option ¢, and time ¢ (dry
Lkt tons per acre)
B Whole tree yield in POLYSYS region / for tree species j, stand diameter class k, cutting option ¢, and time ¢ (dry
Likc,t tons per acre)
Logging residue yield in POLYSYS region / for tree species j, stand diameter class k, cutting option ¢, and time ¢
Likct (dry tons per acre)
Yi,j Ratio of clear cut to thinning
Annual growth in POLYSYS region / for tree species J, stand diameter class k, ownership o, land slope m (dry
ijkom tons per acre)
LU The inter-period stand class determination matrix from class 2 to class 1or class 3 to class 2 at time ¢
u The inter-period stand class determination matrix from class O (replantation or regeneration of tree) to class 3

iLin

at age n for each region / and tree species j

Table 3.9 | Indexes Used in the Model

c Cut options ¢ =1, 2; where 1= thinning (partial cut) and 2 = clear cut
f Wood type f=1,2; where 1= hardwood and 2 = softwood
i POLYSYS regions i=1..,305
s States i=1,..,48; 48 states
si POLYSYS regions in each state
, /=1, ..,5; where 1= upper land hardwood, 2 = lowland hardwood, 3
J Stand type .
= natural softwood, 4 = planted softwood, 5 = mixed wood
k=1,2,3; class 1 has a diameter >11in. for hardwood and >9 in. cor
k Stand class softwood, class 2 has a diameter between 5 and 11in. for hardwood
and 5 and 9 in. for softwood, and class 3 has a diameter of <5in.
0 Timberland ownership O =1, 2; where 1 = private, 2 = federal
m Slope of land m =1,2; where 1= private, 2 = federal
The stand age calculated only for
n n=1.,26
replanted or regenerated trees
p Conventional wood products p =1 2; where1=slope <40% (LE40); 2 = slope >40% (GT40)
t Model period t=2014, ..,2040
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The objective function is subject to a set of con-
straints (see equations in appendix B). The tim-
berland constraints limit harvested timberland for
conventional wood to the maximum percentage of the
existing volume of class 1 land that can be harvested
in any one period (Eq. [A.1]). Equations (A.2) and
(A.3) constrain the harvest intensity to the existing
volume of classes 2 and 3. The third timberland con-
straint (Eq. [A.4]) requires cut-to-length harvest acres
to equal full-tree harvesting acres in the North Cen-
tral region and Inland West region. The final timber-
land constraint (Eq. [A.5]) restricts logging residue
removal (U) to those lands that provided traditional
products (X). Regional constraints on thinning and
clear-cut ratios are specified in Eq. (A.6).

Growth is also restricted (Eq. [A.7]). The volume of
trees removed must be less than the 2014 base year
harvest plus the annual growth that occurs within
the state on the remaining stands. Over time, stands
change. Movement of timber from small-diameter
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wood to pulp and sawtimber material is tracked by
determining movement from one stand diameter
class to another (Inter-Period Movement) through six
equations ([A.8]-[A.13]).

Cost minimization models are normally driven by
demand, and FOrSEAM is no exception. Equations
(A.14)—(A.17) require production to meet the pro-
jected demands for sawlogs and pulpwood. These
demand levels are projected by USFPM for the north-
ern, southern, and western parts of the United States
(fig. 3.15). Weights are developed based on inventory
to develop state estimates of demand for these tradi-
tional wood products. Equation (A.18) represents the
woody biomass target for biomass feedstocks. The
right hand side B, is a national quantity for time t,
and the model can iterate this variable, moving up to
larger and larger supplies; or it can use a pre-speci-
fied value as projected by USFPM and the scenario
being analyzed.



Table 3.15 | Three USFPM supply and production regions: North, South, and West

&,

\v

Source: Data from Ince et al. (2011a).

Model Solution
The model is solved in two steps:
Step 1: The model is solved for the first time period t (t = 1). In this model, neither the growth constraints

(Eq. [A.7]) nor the woody biomass supply target (Eq. [A.18]) is incorporated into the model structure. The solu-
tion of X and XCTL is then used to determine the RHS of growth constraints.

2 * *
Gi,j,k,o,m - c=1 (Xi,j,k,o,m,c,p,t + X CT I‘i,j,k,o=1,m,c,p,t)(ai,j,k,o,m,c,t + Bi,j,k,o,m,c,t )

Vallijmk=12t=1
Step 2: Then the model is solved with objective function and all the constraints. The right-hand side of Eq.

(A.18) will be changed from 0 to 185 million dry tons with a 1 million ton increment to simulate the shadow
values (A). These shadow values hence will be used to plot the supply curve of woody biomass.
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Assumptions and Input Data South (fig. 3.15). Other data and parameters are col-
lected and calculated for five forest regions: North-

east, South, North Central, Inland West, and Pacific
Northwest (see table 3.5 for a list of states in forest
regions and table 3.10 for species listings for those
regions). FOrSEAM is modeled and solved for 305
POLYSYS regions (fig. 3.16), which are also crop
reporting districts.

This section provides in more detail all the assump-
tions made to use ForSEAM and the sources and
levels of input data and parameters.

Geographic Definition (i)

The USFPM projections are reported for three
macro-regions of the United States: West, North, and

Table 3.10 | Forest Regions and Forest Types

Northeast White-Red-Jack Pine; Spruce-Fir; Maple-Beech-Birch; Oak-Hickory; Oak-Pine

South Longleaf-Slash Pine; Loblolly-Shortleaf Pine; Oak-Pine; Oak-Hickory; Oak-Gum-Cypress

Aspen-Birch; Maple-Beech-Birch; EIm-Ash-Cottonwood; Oak-Hickory; Spruce-Fir; White-Red-Jack

North Central .
Pine

Lodgepole Pine; Ponderosa Pine; Fir-Spruce; Western Hardwoods (Aspen); Chaparral; Pinyon-

Inland West Juniper; Larch; Western White Pine

Douglas Fir; Hemlock-Sitka spruce; Ponderosa Pine; Fir-Spruce; Redwood; Western Hardwoods

Pacific Northwest (Scrub Oak, Alder)

Note: Forest types were identified from a map available at USDA Forest Service, Forest Inventory and Analysis National Program,
http:/www.fia.fs fed.us/library/maps/.
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Figure 3.16 | The 305 POLYSYS regions

Stand Species (j)

There are five stand species in ForSEAM: upland
hardwood (UHW), lowland hardwood (LHW), natu-
ral softwood (NS), planted softwood (PS), and mixed
wood (MIXED).

Stand Size (k)
There are three stand diameter sizes in the model:

e Class 1: Stands with dbh >11 inches for hard-
wood and >9 inches for softwood

e Class 2: Stands with dbh between 5 inches and
11 inches for hardwood and dbh between 5 inch-
es and 9 inches for softwood

e Class 3: Stands with dbh <5 inches.

Timber Products (p)

There are five timber products from the USFPM
projection (Ince and Nepal 2012; Skog 2015). The
USFPM products, the corresponding ForSEAM prod-
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ucts, and the stand sizes are presented in figure 3.17.
USFPM projects demand for products including
softwood sawlogs, softwood pulpwood, hardwood
sawlogs, hardwood pulpwood, and other industrial
roundwood. Among these products, the demands for
hardwood sawlogs and other industrial roundwood
are aggregated to hardwood sawlogs in FOorSEAM.
The fuelwood roundwood harvest is disaggregated to
softwood fuelwood and hardwood fuelwood, using
a ratio calculated with data from Howard, Quevedo,
and Kramp (2009). In ForSEAM, sawlogs originate
from class 1 stand size trees. Pulpwood originates-
from trees in both class 1 and class 2 stand sizes.
Biomass feedstocks are from trees in class 2 and
class 3 stand sizes. The volume of UHW, LHW, and
37.5% of MIXED stand species is used in the model
for hardwood timber products. The volume of NS,
PS, and 62.5% of MIXED stand species is used for
softwood timber products. The USFPM regional and
national demand scenarios for 5-year intervals are
displayed in appendix B.
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Logging Methods and Options

There are four types of logging 