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Executive Summary

To understand the status of the industry for non-starch alcohol and renewable hydrocarbon
biofuels as of the end of calendar year 2016, the National Renewable Energy Laboratory (NREL)
updated its annual survey of biofuel projects. This report presents the results of this survey,
describes the survey and data collection methodology, and documents important changes to those
methods since the 2015 survey (Schwab, Warner, and Lewis 2016). Historically this survey has
focused solely on the U.S., but in this 2016 report, international commercial-scale biorefinery
projects are now included to assess the current status of commercial technologies.

The survey and data collection methods used in this 2016 report also changed relative to the
2015 survey. We began identifying non-starch alcohol and renewable hydrocarbon projects
based on publicly available data obtained directly from company websites, press releases, and
public filings. If the biorefinery project was active, then representatives from the companies or
knowledgeable industry experts were directly contacted for data collection. Representatives from
these companies or industry experts were asked a standard set of questions. Topics in the
questionnaire included stage of development of the facility and its scale, feedstock, and biofuel
products, among other questions. Industry experts from NREL and the U.S. Department of
Energy validated the U.S. responses and compared them with publicly available data and experts
from the International Energy Agency (IEA) Bioenergy Task 39 network vetted international
data. Due to the lack of available contacts, data on inactive projects (e.g., idled biorefineries) are
often based on prior survey responses or publicly available data. Table ES-1 summarizes
biorefinery project counts from this survey, organized by feedstock and technology categories.
Ninety-eight U.S. pilot-, demonstration-, and commercial-scale biorefineries and 31 international
commercial biorefineries were found with sufficient data for inclusion in this report.

Table ES-1. 2016 Survey of Biorefinery Projects by Technology and Feedstock Categories

International

U.S. Biorefineries s s
Biorefineries

Pilot Demonstration Commercial Commercial
Non-Starch Alcohol (BC) from Cellulose 7(3) 7(3) 17 (5) Il (6)
Non-Starch Alcohol (TC) from Cellulose 2(2) 0 1 (0) 2 (1)
Non-Starch Alcohol (TC/BC) from Cellulose I (0) 0 I (0) 0
Non-Starch Alcohol from Algae 2(2) 1 (1) 0 0
Total Non-Starch Alcohols 12 (7) 8 (4) 19 (5) 13 (7)
Renewable HC (TC) from Cellulose 15 (10) 7(2) 4 (0) 1 (0)
Renewable HC (TC) from Fats, Oils, and Greases () 2(1) 9 4) I'1(10)
Renewable HC (TC) from Algae 5(1 0 0 0
Renewable HC (BC) from Cellulose 1 (0) 2(2) 0 0
Total Renewable HC 22 (12) 11 (5) 13 (4) 12 (10)
Cellulosic Sugars 2(2) 3(2) 0 0
Qils (pyrolysis) 3(2) 1 (0) I (0) 5(3)
Oils (algae) (1) (1) 0 (1)
Syngas (from pyrolysis) I () 0 0 0
Total Intermediate Products 7 (6) 5@03) 1 (0) 6(4)
Grand Total 41 (25) 24 (12) 33 (9) 31 (21)

Operating projects are in (). BC = biochemical, HC = hydrocarbons, TC = thermochemical.
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1 Why Is this Survey Needed?

The published literature includes a number of biofuels industry data compilations, covering a
range of products, technologies, countries, and timeframes (Hart Energy 2011; Bacovsky et al.
2013; Soleki et al. 2014; Lane 2013; British Petroleum 2016; PricewaterhouseCoopers LLP
2014; IEA 2016; USDA 2016; IEA 2014; IRENA 2016). In the past, extensive review and
reconciliation across these differing sources was required to keep track industry progress by, for
example, creating inputs to models tracking industry development (Peterson et al. 2013).

This survey report was established to provide a publicly available, open-source documentation of
the status of the non-starch alcohol and renewable hydrocarbon! biofuels industry in the United
States as it existed at the end of 2016. This 2016 survey has been expanded to include non-U.S.
commercial projects in order to provide a summary of the state of commercial biofuel
technologies. The expansion of this report’s scope is the outcome of collaboration on data
collection and vetting with the International Energy Agency (IEA) Task 39 project “Second
Generation Biofuel Demonstration Facilities,” which is managed by Bioenergy2020+ GmbH
(IEA 2016). Collaboration helped reduced duplicative data collection and vetting, and improved
assessment of the commercial biofuel technologies.

2 Methodology

Besides international commercial projects, this survey methodology was also expanded to
include data collection on projects producing products intermediate to fuel production, such as
cellulosic sugars and pyrolysis oils and the addition of new conversion technologies to existing
biorefineries based on the identification of growth in these types of projects in the 2015 survey.
For the purposes of this survey, a “project” is considered to include a biorefinery, the expansion
of existing biorefinery capacity, or the addition of new conversion technologies, such as for the
conversion of corn kernel cellulose at corn ethanol dry mills.

Updates to the methodology used in the 2015 biorefinery survey (Schwab, Warner, and Lewis
2016) included more focused outreach to biorefinery projects. For U.S. projects, the original list
of survey recipients from 2015 formed the basis of the initial 2016 survey of the U.S. project
population. The initial U.S. project list was expanded based on searches of public data to include
projects that were founded since the 2015 survey. The IEA Task 39 database of biofuel facilities
was used for data on international commercial projects (IEA 2016). If a biorefinery project was
active, then attempts were made to contact representatives from the companies or knowledgeable
industry experts for the vetting of collected data. Due to the lack of available contacts and
historic response rates, data on inactive projects (e.g., idled biorefineries) may be based on prior
survey responses or publicly available data. Industry experts from the National Renewable
Energy Laboratory (NREL) and the U.S. Department of Energy validated the U.S. responses and
experts from the IEA Bioenergy Task 39 network vetted international data. The online survey
methodology from the 2015 report can be found in Schwab, Warner, and Lewis (2016).

! Renewable hydrocarbons are fuels produced from biomass sources and are similar to petroleum gasoline, diesel, or
jet fuel in chemical makeup and are therefore considered infrastructure-compatible fuels.
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Identified projects were screened to ensure that they fell within the defined scope of this study as
a non-starch alcohol or renewable hydrocarbon biofuels producer planning, developing, owning,
or operating (including operating, commissioning, and start-up) a pilot-, demonstration-, or
commercial-scale (including pioneer- and full commercial-scale) biorefinery in the U.S. or a
commercial project internationally. Projects that had been cancelled were eliminated from the
dataset in this report. Pre-commercial (i.e., pilot- and demonstration-scale) facilities with those
assets that had been sold off and are now defunct were also eliminated.

We collected information on 129 projects (98 in the U.S. and 31 internationally) operated by 87
companies. Twenty-seven of the companies operated multiple facilities in the U.S. or
internationally. Three companies have facilities for which they are pursuing capacity expansions
of the installed technology, and 11 companies are pursing the addition of new conversion
technologies to an existing facility. Data for all projects were supplemented based on research of
publicly available information. Data updates were compiled through early December 2016.

Requested or collected project details included company information, stage of development,
facility scale, feedstock, technology, product, and more. Appendices A—E define the major
categories used to organize project data used in this report: stage of development of facility,
scale, technology type, feedstock, and anticipated product/market. The availability of precise
data on biorefinery projects varied, so organizing categories should not be interpreted as
providing a complete picture of an individual project. For example, companies typically employ
a proprietary conversion process and there may be aspects of a company’s process that
incorporate elements of technologies other than the primary deconstruction and upgrading
technologies indicated in Appendix C. Data from the 2015 survey in Schwab, Warner, and Lewis
(2016) and IEA Task 39 was translated into this organizational framework.

3 Stages of Biorefinery Development

This report follows a staged development process and groups facilities into pilot-,
demonstration-, and commercial-scale facilities as defined previously (DOE 2016). We reviewed
the definition to be as specific as possible in its application to this report. We will continue to
work with the Bioenergy Technologies Office to ensure that we are not excluding or including
plants that respectively should or should not be included. Typically, a company will select an
economically promising feedstock and technology pathway combination and move incrementally
up the development scale chain in the following order (see Appendix B):

1. Pilot-scale: verifying the integrated technical performance of the selected suite of unit
operations and conversion technologies.

2. Demonstration-scale: providing engineering and operating data and equipment
specifications for the next development step.

3. Commercial-scale: proving economical production at commercial volumes on a
continuous basis. “Commercial” includes pioneer and larger scale biorefineries.

Ultimately, each company will make its own individual choices regarding optimal feedstock
throughput rates and scaling strategies for a particular facility, and some of these particular
choices might not be fully represented by this report. However, this staged development process
allows the project specifics to be vetted at increasing levels of process integration and size, while
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mitigating project risk and improving a company’s confidence in its technology design prior to
construction of a large commercial facility. As an expected part of the development process,
smaller-scale facilities can eventually become idle (or be repurposed) as the project matures or
once a facility has served its purpose and larger-scale facilities are built.

4 Survey Results

Table 1 summarizes projects in this 2016 survey by broad categories of feedstock and technology
used (e.g., biochemical [BC] or thermochemical [TC]). Ninety-eight U.S. pilot-, demonstration-,
and commercial-scale projects and 31 international commercial projects were found with
sufficient data to be included in this report. For use in this survey report, we obtained and
validated data from 39 U.S. non-starch alcohol projects, 46 U.S. renewable hydrocarbon projects,
and 13 U.S. projects for producing intermediate products (e.g., cellulosic sugars and pyrolysis
oil). We also obtained and validated international commercial data from 13 non-starch alcohol
projects, 12 renewable hydrocarbon projects, and 6 projects for producing intermediate products.

Table 1. 2016 Survey of Biorefinery Projects by Technology and Feedstock Categories

. . International
U.S. Biorefineries

Biorefineries

Pilot Demonstration Commercial Commercial
Non-Starch Alcohol (BC) from Cellulose 7(3) 7(3) 17 (5) Il (6)
Non-Starch Alcohol (TC) from Cellulose 2(2) 0 1 (0) 2 (1)
Non-Starch Alcohol (TC/BC) from Cellulose I (0) 0 I (0) 0
Non-Starch Alcohol from Algae 2(2) 1 (1) 0 0
Total Non-Starch Alcohols 12 (7) 84 19 (5) 13 (7)
Renewable HC (TC) from Cellulose 15 (10) 7(2) 4 (0) 1 (0)
Renewable HC (TC) from Fats, Oils, and Greases () 2(1) 9 4) Il (10)
Renewable HC (TC) from Algae 5(1 0 0 0
Renewable HC (BC) from Cellulose 1 (0) 2(2) 0 0
Total Renewable HC 22 (12) 11 (5) 13 (4) 12 (10)
Cellulosic Sugars 2(2) 3(2) 0 0
Qils (pyrolysis) 3(2) 1 (0) I (0) 5(3)
Oils (algae) (1) (1) 0 (1)
Syngas (from pyrolysis) I () 0 0 0
Total Intermediate Products 7 (6) 503) 1 (0) 6(4)
Grand Total 41 (25) 24 (12) 33 (9) 31 (21)

Operating projects are in (). BC = biochemical, FOG = fats, oils, and greases, HC = hydrocarbons, TC =
thermochemical.

Of the U.S. commercial projects, 26% of the non-starch alcohol projects, 31% of the renewable
hydrocarbon projects, and 0% of the intermediate product projects were operational (producing
fuel or in commissioning) at the end of 2016. Of the commercial projects internationally, 54% of
the non-starch alcohol projects, 75% of the renewable hydrocarbon projects, and 67% of the
intermediate product projects were operational.

4.1 Status of Commercial Non-Starch Alcohol Biorefineries

Several U.S. projects began producing cellulosic alcohols during 2014-2016 that resulted in the
assignment of D3 Renewable Identification Numbers (U.S. Environmental Protection Agency

3
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2016). About 0.73 million gallons of cellulosic alcohols were produced in 2014; about 2.2
million gallons of cellulosic alcohol were produced in 2015; and as of November 2016, about 3.3
million gallons of cellulosic ethanol were produced in that year. In 2016 about 85 million gallons
per year (MMGY) of cellulosic ethanol production capacity exist. Figure 1 summarizes
commercial non-starch alcohol projects identified during this survey.

Figure 1 summarizes commercial non-starch alcohol projects identified during this survey. Table
2 summarizes the U.S. and international commercial non-starch alcohol projects from this
survey. Table 2 also summarizes the technology and feedstock categories used in each project.
The majority of U.S. and international projects are using an acid or enzymatic (A/E) pretreatment
and fermentation technology as well as using corn kernel cellulose or herbaceous (i.e., corn
stover and dedicated energy crops) for A/E pretreatment and fermentation projects.

Table 2. Commercial Non-Starch Alcohol Projects in 2016 by Technology and Feedstock Category

Corn Crop Dedicated | Woody
Technology Region Kernel Residues Energy MSW Biomass TOTAL
Cellulose Crops
Deconstruction Upgrading
Pretrgaltfment Fermentation us. I 3) 3(2) 1 (0) I (0) 1 (0) 17 (5)
Gasification Syngas Catalytic us. I (0) I (0)
Gasification Fermentation uUs. I (0) I (0)
U.S. Total 11 (3) 3(2) 1 (0) 3 (0) 1 (0) 19 (5)
Pre trgaltfmen ¢ Fermentation | International I (0) 9 (6) 1 (0) Il (6)
Gasification Syngas Catalytic | International 2 (I) 2 (I)
Gasification Fermentation | International 0
International Total 1 (0) 9 (6) 1 (0) 2 (1) 0 13 (7)
Grand Total 12 (3) 12 (8) 2 (0) 5() 1 (0) 32 (12)

Operating projects are in (). A/E = acid or enzymatic, MSW = municipal solid waste.

4

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.




Anticipate

Commercial

Deconstruction U adin . . . . . Under .
Technology Tef:fl:ologgy Project Name Location Detail P[::ﬂ:::l ::r:;aé::r)y Operating Construction Planning Idle
DuPont Nevada, 1A, USA TBS 30 *
Pacific Ethanol (EdeniQ) Stockton, CA, USA TBS 1.5 <
POET-DSM Emmetsburg, 1A, USA TBS 20 *
Quad County Corn Galva, 1A, USA TBS 2.1 <]
Shell Rock, IA, USA TBS 3 <
) ) ) Fairbank, I1A, USA TBS 3 4
Flint Hills (EdeniQ) lowa Falls, 1A, USA TBS 25 4
= Menlo, 1A, USA TBS 3 <
¥ AE Fermentation Redfield Energy (ICM) Redfield, SD, USA TBS 342 <
wvi 8 Pretreatment
S £ E Energy Adams (ICM) Adams, NE, USA TBS 3 <
E Fiberight Hampden, ME, USA TBS & &
v Kansas Ethanol (ICM) Lyons, KS, USA - 3.6 L]
MAAPW (EdeniQ) Madrid, NE, USA TBS 1.1 <
Siouxland Energy (EdeniQ) Sioux Center, |A, USA TBS 1.5 <
Beta Renewables Clinton, NC, USA TBS 20 B
ZeaChem Boardman, OR, USA TBS/bioproducts 22 v
Abengoa Hugoton, KS, USA TBS 25
Gasification Syngas Catalytic Enerkem Pontotoc, MS, USA TBS/bioproducts 10 <
Fermentation INEOS New Flanet Bioenergy Vero Beach, FL, USA TBS 8 L]
GranBio Sao Miguel, Brazil TBS 22 *
Raizen Energia Piracicaba, Brazil TBS I *
ShanDong Longlive Yucheng, China TBS 20 *
) 10 *
R AE Henan Tianguan Group Nanyang, China T8 50 *
_g ; Pretreatment Fermentation Zhenping, China TBS 33 *
g £ IGPC Ethanol Alymer, Canada - 3.18 <
E E Crescentino, ltaly TBS 13 *k
=y Beta Renewables Fujian, China TBS 30 *
Strazske, Slovakia TBS 18 *
COFCO Zhaodong Co. Zhaodong, China TBS 17
Gasification Syngas Catalytic Enerkem E::::::::'é:;n:j: 13&:2g:23:i§ :g © °
Intermediate Product Feedstock Category
| Sugars <] Corn Kernel Cellulose P> Dedicated Energy Crops ~ V Woody Biomass
| Syngas % Crop Residues < MSW

Figure 1. Characteristics of commercial non-starch alcohol projects at the end of 2016

A/E = acid/enzymatic, MMGY = million gallons per year, MSW = municipal solid waste, TBS = transportation blend stock.
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Acidic or Enzymatic Pretreatment of Cellulosic Feedstocks with Fermentative
Upgrading

The majority (see Table 2) of the U.S. (89%) and international (85%) projects involve A/E
pretreatment and fermentation of cellulosic biomass. The majority of these projects use corn
kernel cellulose or crop residues as feedstocks. These projects are covered separately below due
to the differences in the technologies for conversion. All anticipated operational start dates
described below for this technology represent forward-looking projections from the survey,
which will be updated in future studies after these projects become operational.

In the U.S., many projects are pursuing innovative routes for cellulosic ethanol production
through the addition of new conversion technologies. Several conversion technologies are being
developed that could be integrated into existing corn grain ethanol dry mill biorefineries for the
production of cellulosic ethanol from corn kernel cellulosic fibers. Two major conversion
technologies operating in biorefineries in 2016 include ICM’s ACE + Enogen and Edeniq’s
Cellunator + enzymes technologies. ICM’s technology (i.e., ACE + Enogen) separates the corn
kernel cellulosic fibers for a pretreatment, fermentation, and distillation process that takes place
in parallel with corn ethanol distillation (ICM, Inc. 2016). The ICM technology can increase
cellulosic yields to up to 7%—10% of existing corn ethanol production. Edeniq’s technology (i.e.,
Cellunator) and licensed enzymes are used for corn kernel cellulosic fiber mixing, milling, and
fermentation with the corn grain slurry (Edeniq 2016a). The Edeniq technology can increase
cellulosic yields up to 2.5% of existing corn ethanol production and a 7% increase in overall
ethanol yield. If ICM and Edeniq technology were implemented industry wide in the U.S.,
around 300 to 1,500 MMGY (2%—10% of capacity) of cellulosic ethanol capacity would be
available given the operating capacity of 15,100 MMGY in 2015 (RFA 2016). In this report,
corn kernel cellulosic projects are listed separately from other projects using crop residues
because the technology for the conversion of corn kernel cellulose is integrated into the existing
corn grain ethanol plant.

Three commercial facilities are currently producing cellulosic ethanol biochemically from corn
kernel cellulose. Quad County Corn Processors operates a 35-MMGY corn ethanol plant that in
2014 installed the ICM technology to produce 2.1 MMGY of cellulosic ethanol (Johnson 2015).
Flint Hills in Shell Rock, Iowa, operates a 120-MMGY corn ethanol plant that in 2016 installed
the Edeniq technology to produce 3 MMGY of cellulosic ethanol (Sapp 2016a). Pacific Ethanol
operates a 60-MMGY corn ethanol plant that in 2015 installed Edeniq’s technology to produce
1.5 MMGY of cellulosic ethanol (Pacific Ethanol 2016).

Another five U.S. projects (three Flint Hills Resources facilities [8.5 MMGY], Mid-American
Agri Products-Wheatland [MAAPW] LLC [1.1 MMGY], and Siouxland Energy [1.5 MMGY1])
were identified as working on installing the Edeniq technology and licensing enzymes to begin
operations in 2017 (Edeniq 2016b; Edeniq 2016c¢; Jessen 2016). Three U.S. projects (Redfield
Energy [3.4 MMGY], E Energy Adams [3 MMGY] and Kansas Ethanol [3.6 MMGY]) were
identified as working on installing the ICM technology to begin operations in 2017 (ICM, Inc.
2015). In Canada, IGPC Ethanol is working on installing ICM technology to begin operations in
2017 (ICM, Inc. 2015).

At the end of 2016, eight pioneer commercial-scale facilities were operating to produce
cellulosic ethanol from crop residues, with two projects in the U.S., two projects in Brazil, three
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projects in China, and one project in Italy. The total U.S. and international operating capacity is
55 and 79 MMGY, respectively. POET-DSM broke ground in 2012 in Iowa on a 25-MMGY
facility, began operating in commissioning and start-up in 2014, and is expected to begin
producing cellulosic ethanol continuously from corn stover in 2017 (POET-DSM 2016). DuPont
broke ground in 2012 in Iowa on a 30-MMGY facility, began operating in commissioning and
start up in 2015, and is expected to begin producing cellulosic ethanol from corn stover by 2018.
GranBio (22 MMGY) and Raizen Energia (11 MMGY) in Brazil both broke ground in 2013 and
began operating and producing cellulosic ethanol from sugarcane bagasse and straw,
respectively, in 2014 (Beta Renewables 2016a; logen 2016). Beta Renewables in Italy broke
ground in 2011 on a 13-MMGY facility and began operating and producing cellulosic ethanol,
primarily from wheat straw, in 2013. Henan Tianguan Group’s two facilities (3.3 and 10
MMGY) in China began producing cellulosic ethanol from corn stover and wheat straw in 2009
and 2011. ShanDong Longlive in China began operating a 20-MMGY plant for producing
cellulosic ethanol from corn stover.

At the end of 2016, two commercial-scale facilities were under construction to produce cellulosic
ethanol. The total U.S. and international under-construction capacity is 6 and 18 MMGY.
Fiberight broke ground in 2016 in Maine on its 6-MMGY cellulosic ethanol from municipal
solid waste (MSW) plant and the facility is expected to begin operations in 2018 (Sapp 2016b).
Beta Renewables broke ground in 2016 in Slovakia for an 18-MMGY facility for producing
cellulosic ethanol from wheat straw and corn stover, with operations expected to begin in 2018
(Beta Renewables 2016b).

At the end of 2016, four commercial-scale facilities are in planning stages and one facility is
planning to expand cellulosic ethanol production, with two U.S. projects and three projects in
China. The total U.S. and international planned capacity is 42 and 97 MMGY,, respectively.
ZeaChem is planning a facility in Oregon for 22 MMGY of cellulosic ethanol and bioproducts
from wood and the facility is expected to begin operations in 2018 (ZeaChem 2016). Beta
Renewables is planning a facility in North Carolina for 20 MMGY cellulosic ethanol from
energy grasses and the facility is expected to begin operations in 2018 (Beta Renewables 2016¢).
Beta Renewables is planning on facilities in China for 30 MMGY for producing cellulosic
ethanol from wheat straw and corn stover, with operations expected to begin in 2018 (Beta
Renewables 2016d). COFCO Zhaodong Co. is planning a facility in China for 12 MMGY of
cellulosic ethanol from energy crops and is expected to begin operations in 2018. Henan
Tianguan Group’s 14-MMGY facility has a planned expansion of 50 MMGY for 2018.

At the end of 2016, Abengoa’s 25-MMGY idle facility was sold off to Synata Bio, Inc. (Neeley
2016). Abengoa began construction in 2011 in Kansas on the 25-MMGY facility, began
operating in commissioning and start-up in 2014, but idled the plant in 2015 due to insolvency of
the parent company (Lane 2015a).

Gasification of Cellulosic Feedstocks with either Catalytic Upgrading or
Fermentative Upgrading of Syngas

Eleven percent of U.S. projects and 15% of international projects involve gasification. One U.S.
project using gasification deconstruction and fermentation upgrading is INEOS New Planet
BioEnergy. INEOS began construction in 2011 in Florida on an 8-MMGY facility for producing
cellulosic ethanol from MSW. The facility began operating in commissioning and startup in
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2012, the plant was shut down several times from 2012-2015 for maintenance and upgrades, and
then in 2016 the plant was shuttered for potential sale (Voegele 2016). All U.S. and international
projects using a gasification deconstructions process and catalytic upgrading to fuels belong to
Enerkem. Enerkem broke ground in 2012 in Canada on its first 100-MMGY facility, began
operating in commissioning and startup in 2014, began producing cellulosic methanol from
MSW in 2015, and is expected to produce cellulosic ethanol in 2017. Enerkem has two similar
projects in the planning stages, one in Canada, and one at a site in Mississippi, USA.

4.2 Status of Pre-Commercial Non-Starch Alcohol Biorefineries in the
U.S.

Figure 2 summarizes pre-commercial (pilot- and demonstration-scale) non-starch alcohol

projects identified during this survey. In 2016 in the U.S., six demonstration and nine pilot

projects were operating. No projects were identified as being in the planning or construction

phases. Compared to commercial projects, current data availability for these pre-commercial

projects is more limited.
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Deconstruction Upgrading

Under

Technology Technology Project Name Location Detail Operating Construction Planning Idle
- - Joule Hobbs, MM, USA +
Renmatix Kennesaw, GA, LUSA v
< ) American Process Thomaston, GA, USA v
'.E, Alpena, MI, USA \')
g DuPont Vonore, TN, USA *
a AE ICM St. Joseph, MO, USA <
E Pretreatment ZeaChem Boardman, OR, USA v
] Fermentation BP Jennings, LA, USA =3
a Fiberight Lawrenceville, VA, USA o
GeobynFuels Upton, WY, USA *
Summit Natural Energy Cornelius, OR, USA e
Algenol Biotech Fort Myers, FL, USA +
) ) Protrerro Orlando, FL, USA +
Renmatix Rome, NY, USA v
) Sweetwater Energy Rochester, NY, LUSA v
Earth Energy Renewables Bryan, TX, USA <
AE MNREL Golden, CO, USA *
E Pretreatment POET Scotland, SD, USA *
o Fermentation Abengoa York, NE, UISA *
Aemetis Butte, MT, USA *
Green Plains York, NE, UISA *
Logos Technologies (EdeniQ) Visalia, CA, USA <
. LanzaTech Soperton, GA, USA v
Gasification Syngas Catalytic West Biofuels Wt:l:odland, CA, USA v
Fermentation Archer Daniels Midland Decatur, IL, USA *
Intermediate Product Feedstock Category
W NA + Algae (PER) < MSW
M Sugars <1 Corn Kernel Cellulose V Woody Biomass
[ | Syngas * Crop Residues

B> Dedicated Energy Crops

A/E = acid/enzymatic, MSW = municipal solid waste, PBR = photobioreactor.
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Table 3 summarizes the U.S. demonstration-scale and pilot-scale non-starch alcohol projects
from this survey. The majority of the demonstration (64%) and pilot (54%) projects involve A/E
pretreatment and fermentation with the remainder employing technologies that use gasification
followed by catalytic upgrading, fermentation upgrading, or the use of algae.

Table 3 also shows that the majority of U.S. demonstration- and pilot-scale projects are using
herbaceous (i.e., corn stover and dedicated energy crops) for A/E pretreatment and fermentation
projects: 57% of U.S. projects use herbaceous feedstocks, 29% of the projects use wood-based
(i.e., MSW or woody biomass) feedstocks, and 14% of the projects use corn kernel cellulose. All
A/E pretreatment to cellulosic sugar projects are using woody biomass, all the gasification
projects are using a wood-based biomass feedstock, and there are three projects for producing
non-starch alcohol from algae.

Table 3. Pre-Commercial Non-Starch Alcohol Projects in 2016 by Technology and Feedstock

Category
Corn Dedicated
Algae Crop Woody
Technology Scale (PBR) Cléﬁ:rlis;e Residues Energy MSW Biomass Total
Decon- .
struction Upgrading
- Demo I () 1(1)
AJE
Pretreatment ; BEE 32 3(2)
A/E .
Pretreatment Fermentation Demo (1) 2(1) I (0) 2 (0) (1) 7(3)
Gasification Syngas: Demo 0
Catalytic
Gasification ~ Fermentation Demo 0
Total Demonstration 1 (1) 1 (1) 2 (1) 1 (0) 2 (0) 4 (3) 11 (6)
- - Pilot 2(2) 2(2)
A/E .
Pretreatment ) Pilot 2@ 2@
AE Fermentation  Pilot I 0) 5(2) 1 (1) 70)
Pretreatment
v Syngas .
Gasification Catalytic Pilot 2 (2) 2 (2)
Gasification ~ Fermentation  Pilot 1 (0) I (0)
Total Pilot 2 (2) 1 (0) 6 (2) 0 1 (1) 34) 14 (9)
Grand Total 3 (3) 2(1) 8(3) 1 (0) 3(1) 8(7) 25 (15)

Operating projects are in (). A/E = acid/enzymatic, MSW = municipal solid waste, PBR = photobioreactor

4.3 Status of Commercial Renewable Hydrocarbon Biorefineries

In the U.S., about 500 million gallons of hydrocarbons from fats, oils, and greases (FOG) were
supplied (includes production and imports) in 2014, about 530 million gallons of hydrocarbons
from FOG were supplied in 2015, and as of December 2016, about 550 million gallons of
hydrocarbons from FOG were supplied in that year (EPA 2016). In the U.S. in 2014, only around
5,000 gallons of hydrocarbons from cellulose were supplied; around 0.28 million gallons of
hydrocarbons from cellulose were produced in 2015, and as of November 2016, 0.53 million
gallons of hydrocarbons from cellulose were produced that year (EPA 2016).
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Figure 3 summarizes the U.S. and international commercial-scale renewable hydrocarbon
projects identified for this survey.? Table 4 summarizes the U.S. and international commercial
renewable hydrocarbon projects from this survey. Most U.S. and international projects are using
catalytic upgrading of FOG. Most of the remaining U.S. and international projects are producing
renewable hydrocarbons from wood using thermochemical processes: i.e., gasification and
catalytic upgrading through the catalytic upgrading of syngas, pyrolysis and catalytic upgrading
of oils, and pyrolysis to pyrolysis oil for use as heating oil or as feedstock into a petroleum
refinery.

Table 4. Commercial Renewable Hydrocarbon Projects in 2016 by Technology and Feedstock

Category
Technology FOGMSW VYo toraL
Biomass
Deconstruction Upgrading
- - us. 0
- Oil Catalytic US. 9 (4) 9 (4)
Gasification Syngas Catalytic u.s 1(0) 2(0) 3(0)
Pyrolysis - UsS. 1 (0) I (0)
Pyrolysis Oil Catalytic us. I (0) I (0)
U.S. Total 0 9(4)1(0) 4() 144
- - International (1) I (1)
- Oil Catalytic International (: (I)) I'1(10)
Gasification Syngas Catalytic International 1 (0) I (0)
Pyrolysis - International 5@3) 5(@3)
Pyrolysis Oil Catalytic International 0
International Total 1 (1) (: (I)) 0 6(3) 18(14)
Grand Total 1 (1) (fg) 1(0) 10(3) 32(18)

Operating projects are in ( ). FOG = fats, oils, and greases and MSW = municipal solid waste.

2 This survey may not have fully identified all renewable hydrocarbon production capacity due to the lack of
reporting on petroleum refineries that installed technology to co-process FOG with crude oil.
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Commercial

D?;“;:;T:;:“ .::Ie Zi:la::.ggy Project Name Location Detail Pmnt‘:lr:.ltcl::;:!a::ket ::p.::::;l\:; Operating ConL::::::ion Planning Idle
AltAir Fuels Los Angeles, CA, USA TBS 43 A
Cetane Energy Carlsbad, NM, USA TBS 3 A
Renewable Energy Group Geismar, LA, USA TBS 75 A
- ) Oil Catalytic Diamond Green Diesel Norco, LA, USA TBS :?g A A
D East Kansas Agri-Energy Garnett, K5, USA TBS 3 A
n ¢ Emerald Biofuels Plaguemine, LA, USA TBS 88 A
=] E SG Preston South Point, OH, USA TBS 120 A
o Green Energy Products Wichita, KS, USA TBS 3 A
v Fulcrum BioEnergy Reno, NV, USA TBS 10 <
Gasification Syngas Catalytic Red Rock Biofuels Lakeview, OR, USA TBS 15.5 v
Sundrop Fuels Boyce, LA, USA TBS 200 v
Pyrolysis - Ensyn Vienna, Georgia, USA refinery feedstock 20 v
Qil Catalytic KiOR Columbus, MS, USA TBS 13 i
- Solazyme Moema, Brazil TBS/bioproducts 2.7 o
Cepsa Gibraltar-San Roque, Spain TBS 12 A
La Rabida, Spain TBS 12 A
ENI Port Marghera, ltaly TBS 170 A
Parvoo, Finland TBS 63 fr— X1
- ) . Neste Oil Rotterdam, Netherlands TBS 275 A
E I Oil Catalytic Singapore, Singapore TBS 275 A
2 E Preem Gothenburg, Sweden TBS 4.1 A
E E Repsol Cartagena, Spain TBS 14 A
o E UPM Biofuels Lappeenranta, Finland TBS 32 A
t 6 La Méde Chateauneuf-les-Martigues, France TBS 24 A
- Gasification Syngas Catalytic Total Dunkirk, France TBS 72 v
BTG Hengelo, Netherlands refinery feedstock 53 v
Fortum |oensuu, Finland heating oil 11 v
Pyrolysis - Renfrew, Canada heating oil 3 v
Ensyn Cote Nord, Canada refinery feedstock 10 v
Aracruz, Brazil refinery feedstock 20 v
Intermediate Product Feedstock Category
M Oils O Algae V Woody Biomass
M Pyrolysis Qils A FOG
M Syngas © MSW

Figure 3. Characteristics of U.S. and international commercial renewable hydrocarbon projects at the end of 2016

FOG = fats, oils, and greases, MMGY = million gallons per year, MSW = municipal solid waste, TBS = transportation blend stock.
*The KiOR biorefinery equipment was bought by Renewable Energy Group Inc. in 2016. Renewable Energy Group does not intend to restart the

plant.
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Catalytic Upgrading of Fats, Oils, and Greases

Hydrotreating of FOG (from crops or wastes) is an alternative process to biodiesel (i.e.,
esterification) for producing biomass-based diesel fuels. Hydrotreated products are also called
renewable diesel fuels in the U.S. and can be used in vehicles without engine modifications and
can utilize existing petroleum distribution systems. The majority (see Table 4) of the U.S. (64%)
and international (61%) projects involve catalytic upgrading of FOG from crops or waste
sources. All anticipated operational start dates described below for this technology represent
forward-looking projections from the survey, which will be updated in future studies after these
projects become operational.

At the end of 2016, 14 commercial-scale facilities were operating to produce renewable
hydrocarbons from FOG, with five projects in the U.S., three projects in Finland, one project in
Singapore, one project in Sweden, three projects in Spain, and one project in Italy. The total U.S.
operating capacity is 280 MMGY . AltAir Fuels retrofitted an existing petroleum refinery in 2014
in California for a 42-MMGY facility to primarily produce jet fuel and began operating late 2015
(Lane 2016). Diamond Green Diesel broke ground in 2011 in Louisiana for a 160-MMGY
facility to primarily produce diesel fuel and began operating in 2014 (Diamond Green Diesel
2016). Dynamic Fuels broke ground in 2008 in Louisiana for a 75-MMGY facility to primarily
produce diesel fuel and began operating in 2010 in commissioning phase; however, the facility
was idled in 2013 before being acquired by Renewable Energy Group, Inc. in 2014 (Business
Wire 2014). Renewable Energy Group, Inc. was in the process of startup in early 2015 before
idling due to a fire and resumed operations in 2016 (AP 2015; REG 2016). Cetane Energy
retrofitted an existing biodiesel refinery in 2009 in Louisiana for a 3-MMGY facility to primarily
produce diesel fuel and began operating in 2010 (Cetane Energy 2016).

The total international operating capacity is 770 MMGY . Neste Oil is the world’s leading
producer of renewable diesel with three refineries (in Finland, the Netherlands, and Singapore)
with a combined operating capacity of about 675 MMGY (CARB 2015). Neste Oil began
operating its first 63-MMGY plant in 2007 in Finland with a 63-MMGY expansion of capacity
in 2009; the 280-MMGY Singapore facility began operating in 2010 and the 280-MMGY
Netherlands facility began operating in 2011. Eni began converting one of its existing petroleum
refining facilities in 2013 in Italy for a 170-MMGY facility to primarily produce diesel fuel and
began operating in 2014 (Eni 2016). Cepsa added capacity (24 MMGY total) to co-produce
renewable diesel at two petroleum refining facilities in 2009 in Spain and began operating in
2011 (USDA 2013). Repsol added capacity (14 MMGY) to co-produce renewable diesel at one
petroleum refining facility in 2010 in Spain and began operating in 2012 (USDA 2013). At
existing pulp and paper mills, Preem in Sweden and UPM Biofuels in Finland began
construction of facilities to primarily produce biofuels from tall oil derived from woody material
and began operating in 2015. Preem began construction in 2008 for a 4.1-MMGY facility to
begin producing diesel in 2010 and UPM Biofuels began construction in 2012 for a 32-MMGY
facility to begin producing diesel and jet fuel in 2015 (IEA 2016; UPM Biofuels 2016).

At the end of 2016, four commercial-scale facilities were under construction to produce
renewable hydrocarbons from FOG, with three U.S. projects and one project in France. The total
U.S. and international under-construction capacity is 120 and 24 MMGY, respectively. In 2016,
Diamond Green Diesel began expansion of its existing Louisiana facility to an additional 115
MMGY for a total of about 280 MMGY (Diamond Green Diesel 2016). At an existing corn
ethanol facility, East Kansas Agri-Energy began construction in 2011 in Kansas for a 3-MMGY
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facility to primarily produce diesel fuel from corn oil and is expected to begin operations in 2017
(East Kansas Agri-Energy 2016). In France, Total began retrofitting the existing La Mede
petroleum refinery in 2015 for 24 MMGY of diesel production and the facility is expected to
begin operations in 2017 (Total 2016).

At the end of 2016, two commercial-scale facilities are in the planning stages to produce
renewable hydrocarbons from FOG in the U.S. The total U.S. planned capacity is 210 MMGY.
Emerald Diesel is planning a facility in Louisiana for 88 MMGY of renewable diesel, and the
facility is expected to begin operations in 2019. SG Preston is planning a facility in Ohio for 120
MMGY of renewable diesel and jet fuel and the facility is expected to begin operations in 2020
(SG Preston 2016).

In the U.S., Green Energy Products began producing renewable diesel in 2015 from a 3-MMGY
commercial-scale facility in Kansas from corn oil, but the facility was idled in 2016, likely due to
a fire at the co-located biodiesel facility in 2013 and the subsequent parent company bankruptcy
(Voorhis 2016).

Gasification of Cellulosic Feedstocks and Catalytic Upgrading of Syngas

At the end of 2016, one commercial-scale facility is under construction to produce renewable
hydrocarbons from woody forest residues or dedicated energy crops in France (IEA 2016). In
2016, Total began repurposing an existing petroleum refinery for a 72-MMGY facility with plans
to begin operating in 2017 (IEA 2016).

At the end of 2016, three commercial-scale facilities were planned in the U.S. to produce
renewable hydrocarbons from wood. The total U.S. planned capacity is 230-MMGY. Fulcrum
BioEnergy in Nevada and Red Rock Biofuels in Oregon are planning on converting MSW and
woody biomass, respectively. Both expected to break ground on construction in 2017 and begin
operating to produce primarily jet fuel in 2019 (Red Rock Biofuels 2016; Fulcrum BioEnergy
2016). Fulcrum completed construction of an MSW sorting facility at the Nevada site in 2016
(Conway 2016). Sundrop Fuels plans to operate a 200-MMGY facility for the conversion of
woody biomass in 2020 in Louisiana (Sundrop Fuels 2016).

Pyrolysis of Cellulosic Feedstocks and Catalytic Upgrading of Oils

At the end of 2016, three commercial-scale facilities are operating to produce renewable
hydrocarbons from woody biomass, with a project each in Finland, the Netherlands, and Canada.
The total international operating capacity is 19 MMGY. In 2015, BTG began operating a 5.3-
MMGY facility in the Netherlands to produce stabilized pyrolysis oil for feeding into a
petroleum refinery. In 2014, Ensyn and Fortum began operating 3-MMGY and 11-MMGY
facilities in Canada and Finland, respectively, to produce stabilized pyrolysis oil for heating oil.

At the end of 2016, one commercial-scale facility was under construction in Canada to produce
renewable hydrocarbons from wood through pyrolysis for stable pyrolysis oil that can serve as a
feedstock to a petroleum refinery. The total international under-construction capacity is 230
MMGY. In 2016, Ensyn broke ground at Cote Nord on a 10-MMGY facility with plans to begin
operating in 2017. At the end of 2016, two 20-MMGY commercial facilities were planned in the
U.S. and Brazil to produce renewable hydrocarbons from wood. Both facilities are intended to be
operating in 2019.
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In the U.S., KiOR began producing renewable diesel in 2013 from a 13-MMGY facility in
Mississippi that used pyrolysis and catalytic oil upgrading, but the facility was idled in 2014
(Mississippi Business Journal 2014). In 2015, the KiOR facility was sold to Renewable Energy
Group for the equipment, and the company has no plans to run the facility (Lane 2015b).

Algae Technologies for Producing Oils

At the end of 2016, one commercial-scale facility in Brazil was producing algal oils. Solazyme
broke ground in 2012 in Brazil for a 2.7-MMGY facility to produce oils from algae for either the
production of jet fuel or bioproducts and began operating in 2015 (Solazyme 2016).

4.4 Status of Pre-Commercial Renewable Hydrocarbon Biorefineries
in the U.S.

Figure 4 summarizes U.S. demonstration- and pilot-scale renewable hydrocarbon projects
identified during this survey. Table 5 summarizes the demonstration and pilot renewable
hydrocarbon projects. Table 25 also summarizes the technology and feedstock categories used in
each project. In the U.S. in 2016, five demonstration and 15 pilot projects were operating with
one demonstration and one pilot project scheduled to become operational sometime after the end
of 2016. No pilot projects are under construction. Sixty percent of the demonstration and pilot
projects use MSW or woody biomass, 20% use algae, 10% use cellulosic sugars, 7.5% use FOG,
and 2.5% use crop residues. Compared to commercial-scale projects, current data availability for
these pre-commercial projects is more limited.
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Table 5. U.S. Demonstration- and Pilot-Scale Renewable Hydrocarbon Projects in 2016 by
Technology and Feedstock Category

Cellulosic

Crop  toGMswW

Woody

Technology Region Algae Sugars  Residues Biomass Total
Decon- c
struction Upgrading
- - Demo | (1) 1 (0)
- Fermentation Demo 2 (1) 2 (1)
- Oil Catalytic Demo | (0) (1) 2 (1)
Pretr’:ﬁment Sugar Catalytic Demo I (1) I (1)
AE Oil Catalytic Demo 0
Pretreatment
Gasification Syngas Catalytic Demo I (0) 3(0) 4 (0)
HTL Oil Catalytic Demo 0
Pyrolysis - Demo 0
Pyrolysis Oil Catalytic Demo 3(2) 3(2)
Demonstration Total 2 (1) 3(2) 0 2(1)3(0) 32 13 (6)
- - Pilot 1 (I) I (0)
- Fermentation Pilot I (0) 1 (0)
- Oil Catalytic Pilot 2 (0) (1) 3(1)
Pretr':zllfment Sugar Catalytic Pilot 0
AE Oil Catalytic Pilot 1 (0) I (0)
Pretreatment
Gasification Syngas Catalytic Pilot 2 (2) 4 (2) 64
HTL Oil Catalytic Pilot 1 (I) I (I) 2(2)
Pyrolysis - Pilot 2 (1) 2 (2) 4(3)
Pyrolysis Oil Catalytic Pilot 2 (0) 7 (5) 9 (5)
Pilot Total 6 (2) 1 (0) 1(0) 1(1)4@3) 14(10) 26 (16)
Grand Total 8 (2) 4 (2) 1(0) 3(@)7@3) 17(12) 40 (21)

Operating projects are in (). FOG = fats, oils, and greases; HTL = hydrothermal liquefaction, and MSW =
municipal solid waste.
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Deconstruction

Under

Technology #lngrai:!lnag’ Project Name Location Detail Operating Construction Planning Idle
- Solazyme Peoria, IL, USA o
. Renewable Energy Group Okeechobee, FL, USA X
B Fermentation Amyris Decatur, IL, USA x
c . . Blue Sun Energy/ARA St. Joseph, MO, USA A
'.E, Oil Catalytic Sapphire Energy Columbus, NM, USA a
£ Sugar Catalytic Virent Madisen, WI, USA X
E Gulf Coast Energy Livingston, AL, USA <
2 P . Haldor Topsoe Des Plaines, IL, USA v
§ Gasification Syngas Catalytic Toledo, OH, USA v
a Sundrop Fuels Grand Forks, ND, USA v
Cool Planet Energy Systems Camarillo, CA, USA v
Pyrolysis Oil Catalytic Versa Renewables Albany, GA, USA v
Anellotech Silsbee, TX, USA v
- Solazyme Clinton, 1A, USA o]
Fermentation Amyris Emeryville, CA, USA X
- ARA Panama City, FL, USA A
Qil Catalytic Aquatic Energy Lake Charles, LA, USA a
Sapphire Energy Las Cruces, NM, USA o
AJE Pretreatment Qil Catalytic Mercurius Biofuels Orono, ME, USA *
Frontline BioEnergy Pasadena, TX, USA <
Fulcrum (Sierra Biofuels) Reno, NV, USA <
Gasification Syngas Catalytic NREL - Golden, CO, USA v
Thermochem Recovery International Durham, NC, USA v
Southern Research Intitute Durham, NC, USA v
Sundrop Fuels Longmont, CO, USA v
o ) . Algenol Biotech Fort Myers, FL, USA +
2 AT Oil Catalytic HEPRNL Richland, WA, USA v
& G4 Insights North Auburn, CA, USA v
Mainstream Engineering Corporation Rockledge, FL, USA <
: Mississippi State University Starkwille, MS, USA v
Virginia Tech Blacksburg, VA, USA <
GTIIH2 Des Plaines, IL, USA v
MNREL Golden, CO, USA v
Pyrolysis PNMNL Richland, WA, USA v
Research Triangle Institute International Durham, NC, USA v
Qil Catalytic Anellotech Pear| River, NY, USA v
Algae Systems Daphne, AL, USA +
BioProcess Algae Shenandoah, 1A, USA +
Envergent Technologies Kapolei, HI, USA v
KiOR Pasadena, TX, USA v
Intermediate Product Feedstock Category
W NA M Syngas O Algae % Crop Residues
W Oils O Algae (Open Pond) A FOG
M Pyrolysis Oils + Algae (PER) & MSW
M Sugars X Cellulosic Sugars V Woody Biomass

Figure 4. Characteristics of U.S. demonstration- and pilot-scale renewable hydrocarbon projects at the end of 2016

FOG = fats, oils, and greases, HTL = hydrothermal liquefaction, MMGY = million gallons per year, PBR = photobioreactor, MSW = municipal solid

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

waste.
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5 Future Directions

The purpose of this report is to document the status of the non-starch alcohol and renewable
hydrocarbon biofuels industry and provide perspective on the development of this industry over
time. Future improvements will continue to focus on ensuring all existing and new facilities and
companies are identified and expanding the type of data gathered on each facility. Future
improvements could include additional analysis of commercial-scale biofuel production capacity
over time as well as more robust analysis of companies that have carried out pilot,
demonstration, and commercial projects. This could include more analysis of how existing
capital is used for biorefineries and ramp-up and commissioning of biorefineries. We welcome
feedback and suggestions and especially appreciate information from companies currently
represented as well as companies that were not included in this report.
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Appendix A: Definitions for Stage of Facility

Development
Category Definitions
Stage of Development Planning: Ground has not been broken for construction. However, one or

more of the following activities has occurred: a facility location has been
selected, project financing negotiations have started, and/or permits have
been applied/obtained for a specific site.

Under Construction: Ground breaking at the selected site has occurred,
and the facility is under construction.

Operating: The facility is undergoing commissioning and start-up,
currently producing fuel, and/or conducting development work on a regular
basis.

Idle: The facility is no longer producing fuels but was producing at one
point. Possible reasons for an idle facility include unfavorable market
conditions, completion of a development period, or project financial
constraints.
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Appendix B: Definitions for Scale of Facility

Category Definitions

Scale of Facility Pilot: Small-scale facility with unit operations; primarily used for research
and development work, such as to verify the integrated technical
performance of the given suite of technologies from feedstock in through
product out at production capacities with at least one dry ton of feedstock
per day.

Demonstration: Small-scale, fully integrated facility to verify performance
at a scale sufficient to provide engineering and operational data and
equipment specifications required to design a pioneer-scale facility.

Commercial: Full-scale biorefineries for economical production at
commercial volumes on a continuous basis with a reliable feedstock supply
and production distribution system. Commercial includes first-of-a-kind
pioneer and subsequent biorefineries.
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Appendix C: Definitions for Type of Technology

Category Definitions
Deconstruction Acid/Enzymatic Pretreatment: Acidic or enzymatic conversion of
Technology biomass carbohydrates to cellulosic sugars

Gasification: Incomplete combustion of biomass to produce an energy-rich
syngas, with some oxygen available

Hydrothermal liquefaction: Thermal conversion of biomass in the
presence of liquid water to produce a bio-oil as main fraction

Pyrolysis: Application of heat to biomass, in an absence of air, so as to
break it down into charcoal and various tar gasses and liquids

Upgrading Technology Fermentation: Upgrading of cellulosic sugars through biological
fermentation

Syngas Catalytic: Upgrading of syngas through catalysts for synthesis to
produce Fischer-Tropsch liquids, jet fuel, mixed alcohol, and methane

Oil Catalytic: Upgrading of oils, such as from pyrolysis, hydrothermal
liquefaction, or extraction from oil seed crops, by adding hydrogen to
saturate double bonds and remove oxygen

Sugar Catalytic: Upgrading of cellulosic sugars through catalytic
conversion of solubilized carbohydrate streams to hydrocarbon biofuels
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Appendix D: Definitions for Feedstock Category

Category Response Selections— Definitions

Feedstock Category Algae: A large, aquatic group of simple plant-like photosynthetic
organisms—from microscopic cyanobacteria to giant seaweed; includes
algae grown in an open pond or photobioreactor

Corn Kernel Cellulose: Fibrous cellulose remaining after corn grain
ethanol production in a dry mill

Crop Residues: Crop residues are divided into two sub-categories:
harvesting crop residues and processing crop residues. Harvesting crop
residues are materials such as leaves, stalks, and straw left on the field after
crop harvesting. Processing crop residues remain after the crop has been
processed into a primary product and include materials such as husks and
bagasse.

Dedicated Energy Crops: Dedicated energy crops are specifically grown
for bioenergy production and include herbaceous (e.g., switchgrass) and
woody (e.g., willow) resources. All instances of feedstock use in this report
refer to herbaceous dedicated energy crops.

Municipal Solid Waste (MSW): The term refers to solid wastes from
residential and business sources that are then converted to produce biofuels
and/or electricity. Yard trimmings are a subcategory of MSW and include
grass clippings, leaves, and tree/brush trimmings.

Qils, Fats, and Greases: The term includes lipid-based feedstock that has
historically been used to produce biodiesel, but is emerging as a feedstock
for renewable hydrocarbon fuels production. These include both oils
extracted from agricultural crops and wood, and cleaned up vegetable or
animal fats, oils, and greases.

Woody Biomass: A broad category capturing forest logging residues, mill
residues, and other woody waste sources

Intermediate Products Cellulosic Sugars: Sugars derived from non-food biomass such as wood,
biomass residues, and grasses.

Oils: Biomass-based oils extracted from crops or from cleaning up waste
vegetable or animal fats, oils, and greases.

Pyrolysis Oils: Oils from the pyrolytic deconstruction or hydrothermal
liquefaction of cellulosic biomass.

Syngas: Gases produced as a result of gasification of cellulosic biomass.
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Appendix E: Definitions for Anticipated
Product/Market

Category Definitions
Anticipate Transportation Blend Stock: Term refers to production of gasoline,
Product/Market diesel, or jet fuel for blending into the light-duty, heavy-duty, or aviation

transportation sectors. Most projects indicate what fuels could be produced
without strong indication of intended fuel splits.

Alcohol (AFDC 2016)

e Ethanol: Biomass-derived transportation fuel suitable for blending
with gasoline; for example, ethanol may be blended up to 10% by
volume in the U.S.

e Butanol: Biomass-derived transportation fuel suitable for blending
with gasoline; for example, butanol may be blended up to 11.5%
by volume in the U.S.

e Methanol: Biomass-derived transportation fuel suitable for
blending with gasoline; for example, methanol may be blended up
to 3% by volume in the EU.

Hydrocarbons (AFDC 2016)

e Renewable Diesel: Biomass-derived transportation fuel suitable
for use in diesel engines; it meets the ASTM D975 specification in
the United States and EN 590 in Europe.

e Renewable Gasoline: Biomass-derived transportation fuel suitable
for use in spark-ignition engines; it meets the ASTM D4814
specification in the United States and EN 228 in Europe.

e Renewable Jet: Biomass-derived fuel that can be used
interchangeably with petroleum-based aviation fuel; certain biojet
fuel can be blended up to 50% with conventional commercial and
military jet (or aviation turbine) fuel by following requirements in
the ASTM D7566 specification. The following fuel categories are
approved by the standard (European Biofuels Technology Platform
2016):

o  Alcohol-to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK):
This is created from isobutanol derived from feedstocks
such as sugar and corn.

o  Synthesized Iso-Paraffins (SIP) (renewable farnesene
hydrocarbon): Developed by Total and Amyris, this is
produced by converting plant sugars into farnesene using
an “industrial synthetic biology platform.”

o Hydro-Processed Esters and Fatty Acids Synthetic
Paraffinic Kerosene (HEFA-SPK): This is made from
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Category Definitions

vegetable oil-containing feedstock
o Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-SPK)

o Fischer-Tropsch Synthetic Kerosene with Aromatics (FT-
SKA)

Bioproducts: Production of bioproducts (for example, analogues of fossil
derived products) for use in non-fuel industry sectors

Refinery Feedstock: Production of a pyrolysis oil of sufficient stabilization
for co-processing at a petroleum refinery

Heating Oil: Production of a pyrolysis oil of sufficient stabilization for use
as a heating oil
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