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EXECUTIVE SUMMARY

This NARA EPP Task 4 report consists of four subtask reports:
« Subtask 4.1: Review of the U.S. Biofuels Industry

« Subtask 4.2: Commercialization Factors for the U.S. Cellulosic
Biofuels Industry

+ Subtask 4.3: Review of the U.S. Bio-based Chemicals Industry
« Subtask 4.4: Opportunities for Lignin Valorization

An examination of bioproduct polymers indicates projected high growth
markets. To better understand the impact of this market opportunity on the

US biorefinery industry, the NARA EPP team developed a unique approach to
examine biorefinery value chain outputs. This study characterized the structure
of the US biofuels industry (n=414 biorefineries) and the US bio-based chemicals
industry (n=35 companies). This study has also examined the cellulosic biofuel
biorefineries regarding commercialization factors. The top three drivers for the
commercialization of cellulosic biofuels were government policies, added value
from non-fuel co-products, and carbon emission reduction; the top three barriers
to the commercialization of cellulosic biofuels were competition vs. petroleum-
based fuels, policy uncertainty, and high production costs. Examination of
perceptions of academic researchers and industrial experts on the development

and scale-up of cellulosic biofuels provides many insights related to policy,
investment, economies, and cellulosic biofuels logistics. Additionally, our work
presents a sequential process for examining potential lignin valorization. First, a
short list of high-opportunity lignin products was developed from the literature.
Several low-hanging product opportunities were identified, from which, lignin-
based powdered activated carbon (PAC) for the sequestration of mercury from
power plant flue gas was selected for further examination due, in part, to lignin’s
similarity to lignite coal. Next, an analysis of the web-based written content of PAC
suppliers’ promotional materials was performed to assess the attributes on which
PAC products are sold and purchased. Finally, potential electric generating power
plant buyers/users of lignin-based PAC for mercury sequestration were surveyed to

examine the importance of 16 PAC product and service attributes, identify potential

entry barriers for a new PAC product, and assess the market opportunity for lignin-
based PAC. The top three product and service attributes for buyers/users of PAC
for mercury mitigation were Product Reliability, Product Effectiveness, and Proven
Product Performance; the top three barriers to entry for a new lignin-based PAC
include Title V Permitting, Operational Impacts, and Compliance with Regulations.
Buyers/Users are undecided about trial testing a lignin-based PAC product, but

would be more likely to purchase from an existing vendor rather than a new vendor.

As a whole, these activities provide strategic insights into the potential value chain
outputs for U.S. biorefineries.
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INTRODUCTION

Fossil fuels have long been the predominant source of liquid fuels, chemicals, and
energy (Amidon et al., 2008; Naik, Goud, Rout, & Dalai, 2010). However, fossil fuel
reserves are not infinite or sustainable from an economic and environmental point
of view (Kamm, Kamm, Gruber, & Kromus, 2005). Concerns regarding global climate
change, volatile oil prices, and resource depletion have collectively motivated
research into sustainable and renewable alternatives (Fernando, Adhikari,
Chandrapal, & Murali, 2006; Zaimes, Vora, Chopra, Landis, & Khanna, 2015). Liquid
biofuels from renewable carbon sources are at the forefront of these developments
as they contribute to maintaining national energy security, improving rural
economic development, and reducing carbon emissions (Balan, Chiaramonti, &
Kumar, 2013; Cherubini, 2010; Gegg, Budd, & Ison, 2014).

Growth of The U.S. Biofuels Industry

In the United States, corn-grain ethanol and biodiesel have served as the major
substitute fuels for petroleum-based gasoline and diesel over the past few decades.
Today, these two first generation biofuels account for over 90 percent of the total re-
newable biofuels within the United States (Environmental Protection Agency, 2015).
The U.S. corn-grain ethanol industry, with the production volume growth at an an-
nual rate of 67 percent from 1991 to 2015 (Renewable Fuels Association, 2016b) (Fig-
ure VCO-Intro.1), has also reshaped corn farming by reducing government support
for cropping subsidies while raising farmers’ incomes (Renewable Fuels Association,
2014). The production of 14.8 billion gallons of ethanol supported 85,967 direct
jobs in the renewable fuel and agricultural industries (Renewable Fuels Association,
2016a). Meanwhile, corn ethanol blends in gasoline (typically, up to 10%) improve
the octane number and add oxygen content to meet the U.S. Clean Air Act (CAA) (Ur-
banchuk, 2010). Similarly, the U.S. biodiesel industry (Figure VCO-Intro.2) has aided
in the development of the rural economy by providing over 60,000 jobs nationwide
(National Biodiesel Board, 2015b). Biodiesel also contributes to the U.S. CAA with 52
percent lower GHG emissions compared to petroleum-based diesel (Energy Efficien-
cy & Renewable Energy, 2015).

Despite the benefits of first generation corn-grain ethanol, the “food-versus-fuel”
and ethanol “blend wall” arguments continue to constrain the industry (Table
VCO-Intro.1). The “food-versus-fuel” debate has lasted for more than a decade
and includes controversy over food security (Carter & Miller, 2012; Ziegler, 2008)

and food price inflation (Ahmed, 2008; Ajanovic, 2011; Bardhan, Gupta, Gorman, &
Haider, 2015; Cuesta, 2014). The ethanol “blend wall” also constrains the growth of
the U.S. corn ethanol industry due to the E10 (10%) blend limit (Figure VCO-Intro.3),
the infrastructure requirements for higher blend options and consumer acceptance
for higher biofuel blends (Energy Information Administration, 2011). In addition to
the food-fuel issue, biodiesel fuels also face challenges related to environmental,
economic and social impacts, for example, NOx emission, distribution and
infrastructure modifications, and land use change (Bomb, 2005; Castanheira,
Grisoli, Freire, Pecora, & Coelho, 2014; Rabago, 2008). As a result, interest in
developing new biofuels from non-food based lignocellulosic feedstocks has grown
(Brown & Brown, 2013; Mohr & Raman, 2013; Solomon, Barnes, & Halvorsen, 2007).
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Figure VCO-Intro.1. Growth of the U.S. corn-grain ethanol industry (# of biorefineries and production) from
1991 - 2015 (Renewable Fuels Association, 2015, 2016)
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Figure VCO-Intro.2. Growth of the U.S. biodiesel industry (# of biorefineries and capacity) from 2001 to
2015 (Energy Information Administration, 2016b) (*The production volume of 2015 is predicted by the first 11
months of 2015)

Figure VCO-Intro.3. Annual U.S. ethanol production volumes from 2006 to 2015 and their corresponding
percentage of the conventional motor gasoline consumption (*2015 fuel ethanol consumption data is based
on the prediction from EIA) (Chen, Smith, & Wolcott, 2016; Energy Information Administration, 2016b, 2016c)

Compared to first generation biofuels, second generation cellulosic alcohols
(ethanol and butanol) avoid the food-fuel controversy while benefiting from

lower lifecycle GHG emissions (Balan, Chiaramonti, & Kumar, 2013; FitzPatrick,
Champagne, Cunningham, & Whitney, 2010). However, cellulosic biofuels have

yet to become widely commercialized (Balan et al., 2013; FitzPatrick et al., 2010).
Meanwhile, KiOR’s November 2014 bankruptcy and Cobalt’s June 2015 asset auction
signal the challenges faced by cellulosic biofuel startups seeking scaled production.

Integrated Biorefineries

Facing these issues, several researchers have suggested a short-to-medium term
strategy for the scale-up of the U.S. cellulosic biofuels industry; that is, to integrate
the production of bio-based chemicals with cellulosic biofuels (Bozell, 2008; Bozell
& Petersen, 2010; Cherubini, 2010; Cherubini & Stramman, 2011; FitzPatrick et al.,
2010). This integrated biorefinery scenario can provide a diversified value stream
outputs, and contribute to effective utilization of feedstock fractions, improvement
of financial performance and mitigation of potential risks (Bozell, 2008; Bozell & Pe-
tersen, 2010; FitzPatrick et al., 2010). A techno-market assessment of selected bio-
based polymers, which was initiated in January 2013, has been completed by Year
3 for the NARA project. Major research efforts have been focused on the bioplastics
industry, including the global market and growth trend for the overall bioplastics
industry (Figure VCO-Intro.4).
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Figure VCO-Intro.4. Global Production Capacity of Bioplastics. Adapted from Bioplastics facts and figures
[Infographic]. Institute for Bioplastics and Biocomposites, nova-Institute (2015). Retrieved from http://docs.
european-bioplastics.org/2016/publications/EUBP_facts_and_figures.pdf
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Lignin Valorization

Lignin was discovered in 1838 by Anselme Payen when wood reacted in an acidic
then alkaline solution, resulted in an insoluble residue (McCarthy & Islam, 2000).
Since then, over 10,000 scientific papers have been published on lignin, each con-
tributing to a puzzle that remains incomplete today (Zakzeski et al., 2010).

Lignin constitutes 15 percent to 40 percent dry weight of lignocellulosic feedstock
resulting in a large waste stream (Ragauskas et al., 2014). Lignin, an established
byproduct of pulp mills, has traditionally been burned for combined heat and
power. However, in second generation biorefineries, approximately 60 percent more
lignin is generated than is needed to meet plant energy needs through combustion
(Sannigrahi et al., 2010). As a result, research efforts are accelerating to identify
viable opportunities for lignin valorization.

Globally, approximately 50 million tons of lignin are produced annually, while
lignin-derived products represent 1 percent to 2 percent of the world’s lignin
production and the remaining 98 percent is burned for energy or landfilled
(Gargulak and Lebo 1999; Lora and Glasser 2002; Mansouri and Salvadé, 2006;
Vishtal and Kraslawski, 2011; Smolarski, 2012). Energy captures the most market
volume, although it offers the lowest value-added opportunity (Higson & Smith,
2014). Current lignin products can be segmented into several categories: binding
agents, rheology control, dispersing agents, emulsion stabilizers, and retardants
(Gargulak & Lebo, 1999; Smolarski, 2012) (Figure VCO-Intro.5). Concrete additives
are a value-added application for lignin waste to reduce water usage in concrete
and retard concrete setting time (Gargulak & Lebo, 1999; Smolarski, 2012). Vanillin
is a unique value-added product from lignin that is exclusively manufactured by
Borregaard as a flavoring agent (Borregaard, 2015). The lignin product market has
grown from $2 million in 1960 to $180 million in 1984 (Tillman, 1985) to $730 million
in 2014 (Frost & Sullivan, 2014), excluding energy.

Markets for potential lignin-based products vary in terms of volume and value,
creating different strategic opportunities for biorefineries to add value to lignin
(Figure VCO-Intro.5). Whereas lignin-based phenol and carbon fiber are poised to
capture the largest market potential, factors such as cost of production and viable
chemical pathways to products limit commercial feasibility (Kleinert & Barth, 2008;
Ragauskas et al., 2014).

An alternative potential market with lower volume and value potential is lignin-
based benzene, toluene and xylene (BTX), which requires a depolymerization of
lignin followed by separation, of which there are technology limitations (Cherubini
& Stremman, 2011; Strassberger et al., 2014). Powdered Activated Carbon (PAC) is
another potential market due to lignin’s high carbon content, abundant supply and
the changing regulatory landscape for electric generating power plants (Ragan &
Megonnell, 2011; Suhas et al., 2007; Anonymous, 2013; Anonymous, 2015).
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Figure VCO-Intro.5. Depiction of lignin products based on volume and value from literature (Downing, 2014;
Higson & Smith, 2014; Anonymous, 2015; Smolarski, 2012). [NOTE: The diameter of the circle represents the
total market value of the product. Gray circles represent potential markets for lignin products, while black
circles represent lignin products currently on the market]

PAC for removing mercury from power plant flue gas streams is traditionally
manufactured from lignite coal due to the coal’s ability to generate proper PAC
structure. Lignin is a precursor to lignite coal through a three step geochemical
process that transforms lignin into lignite coal. This process is known as
coalification, which includes; microbiological degradation of cellulose; the
conversion of lignin into humic substances; and the condensation of the humic
substances into coal molecules (Miller, 2011). The lignin molecule is estimated
to experience a dehydroxylation process, a cleavage of the B-O-4 ether bond,
and a demethylation process to coalify lignin into lignite coal (Hatcher & Clifford,
1997). Due to the similarities between lignin and lignite coal, lignin has potential
as a feedstock for the production of powdered activated carbon for mercury
sequestration (Figure VCO-Intro.6).

BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT




NARA

Northwest Advanced Renewables Alliance

Figure VCO-Intro.6. Proposed coalification process from lignin to lignite coal. Adapted from “The organic
geochemistry of coal: from plant materials to coal,” by Hatcher, P.G. & Clifford, D.J., 1997, Organic Geochem-
istry, 27(5-6), p. 255.

Market Drivers

In December 2011, the EPA signed the MATS rule under the Clean Air Act Section 111
and 112 requiring coal-fired power plants over 25 MW to reduce their toxic emis-
sions by April 2016 (EPA, 2012). The MATS called for existing and new power plants
to cut mercury emissions by 91% from 2010 levels with a cost to power plants esti-
mated at approximately $9.6 billion per year (EPA, 2012; Ray, 2015). The MATS were
brought to the U.S. Court of Appeals for the D.C. Circuit on April 2014, where the rul-
ing was upheld in a 2-1 decision (Larson, 2015). On November 25, 2014 the Supreme
Court of the United States (SCOTUS) agreed to hear the case by consolidating three
cases (Michigan, et al. v. EPA, Utility Air Regulatory Group v. EPA et al., and National
Mining Assoc. v. EPA, et al.) focused on the limited question of: “whether the EPA
unreasonably refused to consider costs in determining whether it is appropriate to
regulate hazardous air pollutants emitted by electric utilities” (Reitenbach, 2014).

In March 2015, the SCOTUS over-ruled the MATS due to the EPA’s lack of
consideration of the costs associated with MATS implementation (Neuhauser,
2015). As a result, the EPA proposed supplemental cost of MATS data in November
2015, suggesting that the costs of the MATS “does not alter the EPA’s previous

determination that it is appropriate to regulate air toxics, including mercury, from
power plants” (EPA, 2015). A date to readdress the SCOTUS ruling on MATS has yet
to be released. Regardless, the U.S. Energy Information Administration (EIA) has
reported that 77 percent of the nation’s coal-fired power fleet has or will have met
the emission regulations by installing emission controls by 2016 (Frazier, 2016; P.
Gray et al., 2015).

Powdered Activated Carbon (PAC) for Mercury Sequestration

The combustion of coal feedstock in power plants releases mercury emissions into
the biosphere where it is transformed into methylmercury, a neurotoxin (Bowen &
Irwin, 2007; Chang, 1977; Hu et al., 2013). The U.S. contains three main coal-produc-
ing regions: Western Region (approx. 53%), Appalachian Region (approx. 27.4%) and
Interior Region (approx. 18.6%) (EIA, 2016). Mercury emissions are a function of both
the mercury content and calorific value (BTUs) of the coal, which varies by coal-pro-
ducing region (Toole-O’Neil et al., 1999). The Appalachian region generally has the
highest mercury content (ppm) and the Western Region the lowest. (Tewalt., et al.
2001; Toole-O’Neil et al., 1999)

Mitigating mercury from power plants can be achieved through various
mechanisms including: controls for particulate matter, sulfur dioxide and nitrogen
oxides (Strivastava, 2010); the reinjection of partially combusted coal, known as The
Thief Process (Granite et al., 2007); and, the most effective mechanism, activated
carbon injection systems (ACI) where the mercury contaminated PAC is disposed

of safely in landfills or used as a concrete amendment (Gray, 2013; Sjostrom et al.,
2010; Sjostrom, 2014; Zykov et al., 2014).

Lignin-based Powdered Activated Carbon (PAC)

Lignin is approximately 60 percent carbon and has a structure similar to bitumi-
nous coal, thus providing an opportunity as a renewable high carbon feedstock for
the manufacture of carbon fiber and activated carbon (Kadla et al., 2002; Norberg,
2012; Ragan & Megonnell, 2011; Ragauskas et al., 2014; Suhas et al., 2007). Activated
carbon has been produced from high carbon content materials such as hardwoods,
coconut shells, fruit stones, coals and synthetic macromolecular systems (Marsh &
Reinoso, 2006). Activated carbon is used in liquid phase and gas phase applications
(Marsh & Reinoso, 2006) and may be used in various forms including powdered,
granulated, and extruded activated carbon (Cabot, 2014).

Scientists have developed lignin-based PAC products through physical and
chemical activation pathways (Ragan & Megonnell, 2011; Suhas et al., 2007). Lignin-
based PAC has been studied for its use in liquid phase applications (Fu et al., 2013);
however, in laboratory settings, NARA researchers have successfully applied lignin-
based PAC in a gas phase application to sequester mercury from power plant flue
gas streams (I. Dallmeyer, personal communication, November 10, 2015). Various
performance-based, market-entry issues including, but not limited to PAC porosity
and mercury capture rates are currently under investigation (I. Dallmeyer, personal
communication, October 15, 2015).
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TASK 1: REVIEW OF THE U.S. BIOFUELS INDUSTRY

OBJECTIVE
The overall goal of this task is to present a comprehensive review of the U.S. biofu-
els industry.

METHODOLOGY

A wide variety of secondary information sources regarding bioenergy, biofuel, and
biorefinery have been selected and critically assessed. Those information sources
are obtained from government organizations, industrial associations, magazines,
and academic journals as listed in Table VCO-1.1.

RESULTS
Over 90% of U.S. ethanol biorefineries use corn grain as feedstock; the remaining
use sorghum, cheese whey or waste beer (O’Brien, 2010; Renewable Fuels Associa-

Table VCO-1.1. Secondary information sources

Government U.S. Department of Agriculture (DOA) Forest Products Laboratory;

organizations U.S. Department of Energy (DOE) National Renewable Energy
Laboratory (NREL) and Bioenergy Technologies Office (BTO); and
U.S. Energy Information Administration (EIA)

Industrial Renewable Fuels Association (RFA) and National Biodiesel Board

organizations (NBB)

Journals & websites | Ethanol Producer Magazine, Biofuels, Bioproducts and Biorefining,
and BiofuelsDigest.com

tion, 2015). Figure VCO- 1.1 illustrates the 208 U.S. corn-grain ethanol biorefineries
in 2015 with the heaviest concentrations in the Midwestern corn-belt of lowa (n=40),
Nebraska (n=25), Minnesota (n=21), South Dakota (n=15) and Illinois (n=14).

Biodiesel is defined under the standard of ASTM D6751 as “a fuel comprised of
mono-alkyl esters of long-chain fatty acids”, and can be produced from vegetable
oilseeds (such as rapeseed, sunflower, olive, and soybean), animal fats (such as
poultry, tallow, and white grease) or recycled restaurant grease (e.g. yellow grease)
(Alternative Fuels Data Center, 2014; Energy Information Administration, 2016b;

Lai, 2014). Among all biodiesel feedstocks, vegetable oilseeds were the major
biodiesel feedstock, accounting for approximately 71 percent of the U.S. total in
2015 (Energy Information Administration, 2016b). That year, soybean oil was the
largest feedstock accounting for 52 percent of the total, followed by recycled grease

NARA

Northwest Advanced Renewables Alliance

Figure VCO-1.1. U.S. corn-grain ethanol biorefineries (n=208) by location in 2015. Adapted from “Ethanol
Biorefinery Locations”, Renewable Fuels Association, 2015. Retrieved from http://www.ethanolrfa.org/
resources/biorefinery-locations/.

(14.3%), animal fats (13.4%), corn oil (11%), canola oil (8%), and other (1.3%)
(Energy Information Administration, 2016b). Figure VCO-1.2 4 shows the locations
of the identified 162 U.S. biodiesel biorefineries in 2015 (Biodiesel Magazine, 2015;
Lane, 2013a; National Biodiesel Board, 2015a).

Figure VCO-1.2. U.S. biodiesel biorefineries (n=162) by location in 2015 (Adapted from (Biodiesel Magazine,
2015; Lane, 2013a; National Biodiesel Board, 2015a))
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A wide variety of agricultural biomass can be used as raw materials to produce

Table VCO-1.3. “Stand-alone” cellulosic alcohol biorefineries in U.S. as of January 2016 (n=16)

cellulosic alcohols including short rotation forestry crops (poplar, willow), perennial ‘ompany  Location Feedstock Products Capacity  Citations
grasses (miscanthus, switchgrass), agricultural, forest and mill residues, and MGY)
.. . S . . Abengoa Hugoton, KS Corn stover, Ethanol 25 (Abengoa, 2014)
municipal solid waste (MSW) (Pacini, Sanches-Pereira, Durleva, Kane, & Bhutani, switchgrass
2014; Sims, Taylor, Saddler, & Mabee, 2008). Compared to petroleum-based fuels Alpena, MI Sugarcane Ethanol, 0.7
and corn-grain ethanol, cellulosic alcohols benefit from their reliance on non-food _ bagasse acetic acid (Advanced Ethanol
L. . .. American Council, 2013)
based feedstocks, less competition on land use, and lower lifecycle GHG emissions Process Non-food based  Ethanol, (American Process,
(Balan, Chiaramonti, & Kumar, 2013; FitzPatrick, Champagne, Cunningham, & Thomaston, GA  biomass, succinic acid, Upto0.3  2015)
Whitney, 2010; Pacini et al., 2014). _ woodchips BDO
Clinton, NC Energy grasses Ethanol, 20 (Advanced Ethanol
Cellulosic alcohols may be produced in either “bolt-on” and “stand-alone” ﬁzﬁ‘ewables lignin ff;’;?}‘{lésg\iigles
biorefineries. “Bolt-on” facilities are added to or co-located with existing corn-grain 2013) ’
ethanol biorefineries to leverage existing corn-grain ethanol facilities. These “bolt- _ :
on” cellulosic biorefineries can share feedstock and distribution supply chains and Fulton, MS Municipal solid  Ethanol 19 (Advanced Ethanol
. . . . . Bluefire waste (MSW) Council, 2013)
lower capital costs to reduce investment risk (Morrison, Witcover, Parker & Fulton, Renewable  Anaheim, CA 200 Ibs/day  (Blue Fire Renewables,
2016; Lane, 2014). Currently, eleven U.S. “bolt on” cellulosic biofuel biorefineries 2015)
arein st:art-up mode (Talble \'/CO-l'.Z) WIEh two having launched commercial-scale Y— Wilmington, DE_ Woody Biomass _ n-butanol NA (Butamax, 2013)
production: POET-DSM “Project Liberty” (Sept. 3, 2014) and Quad County Corn Canergy Tmperial Valley, Energy cane Ethanol 5 (Canergy, 2015)
Processors (July 1,2014) (Fuels America, 2014). CA (Canergy,
2015)
Table VCO-1.2. “Bolt-on” cellulosic alcohol biorefineries in U.S. as of January 2016 (n=11) Coskata Madison, PA Woody chips, Ethanol, NA (Coskata, 2015)
MSW ethylene
Companies Location Product Capacity Citations DuPont Nevada, IA Corn cob Ethanol 30 (Dupont, 2015b)
(gallons/year) Biofuel
Abengoa York, NE Ethanol 20,000 (Piersol, 2011) Solutions
ACE ethanol Stanley, WI Ethanol Up to 3.6 million (Lane, 2013b) Enerkem Pontotoc, MS MSW Ethanol and 10 (Advanced Ethanol
ADM Decatur, IL Ethanol 25,800 (Lane, 2013a) methanol Council, 2013)
Aemetis Keyes, CA Ethanol NA (Aemetis, 2012) Fiberight Blairstown, IA MSW Ethanol 6 (Advanced Ethanol
Flint Hills Fairbank, TA Ethanol NA (Business Wire, 2012) Cqunc'il, 2013)
Front Range Windsor, CO Ethanol Up to 3.6 million  (Sweetwater Energy, 2013) i (Fiberight, 2015)
Gevo Luverne, MN Iso-butanol 0.6~1.2 million (Gevo, 2015) INEOS Vero Beach, FL  Vegetative and Ethanol 8 (INEOS, 2013)
ICM St. Joseph, MO Ethanol NA (ICM, 2012) i wood waste i i
Pacific Ethanol Boardman, OR Ethanol Up to 3.6 million (Pacific Ethanol, 2013) Mascoma Kinross, MI Hardwood ll;:'thalr;ol & 1 20 falan, g(})nla:;ramontl, &
POET-DSM Emmetsburg, IA Ethanol 25 million (POET-DSM, 2014) P e ¢/ W T ySwew oo E‘t‘;l:merlmca s = (M“”r'l‘:’ ” Bi) —
Quad-County Galva, IA Ethanol 2 million (Advanced Ethanol Council, Bi ¢ romts, erey beets © 50 165 ota Broenergy,
Corn Processors 2015: Quad County, 2015) 1oenerey )
ZeaChem Boardman, OR Energy woods Ethanol & 0.25 (ZeaChem, 2012)
biochemicals (Balan et al., 2013)
. . ‘ . . . . 25 Brown & Brown, 2013
In addition, sixteen U.S. “stand-alone” cellulosic alcohol biorefineries have been ¢ )

identified with three having successfully launched commercial scale production:
Abengoa Bioenergy 25 MGY in Hugoton, KS (Oct. 19, 2014); DuPont 30 MGY in
Nevada, IA (Oct. 30, 2015); and INEOS Bio 8 MGY in Vero Beach, FL (July 31, 2013)
(Fuels America, 2014; DuPont, 2015b; INEOS, 2013). Fifteen biorefineries produce
cellulosic ethanol as the major product; Butamax focuses on the production of
n-butanol (Table VCO-1.3).

The U.S. biofuels industry has also witnessed considerable progress of the non-
food based hydrocarbon biofuels, which are drop-in replacements for gasoline,
diesel, and jet fuel (Savage, 2011). Drop-in hydrocarbon biofuels are chemically
similar to petroleum-based fuels and therefore are fully compatible with existing
infrastructure, i.e., no need for engine modifications and drop-in biofuels may
use existing petroleum distribution systems (Alternative Fuels Data Center, 2016).
As of January 2016, seventeen companies are currently or proposing to use
second generation (lignocellulsoic) and third generation (algal) feedstock for the
production of various end products (Table VCO-1.4).
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Table VCO-1.4. Drop-in hydrocarbon biofuels start-ups as of January 2016 (n=17)

Company

Location

Products

Lignocellulosic biomass

Citations

Amyris

Emeryville, CA

Renewable diesel from farnesene

(Amyris, 2016)

Cool Planet

Alexandria, LA

Renewable jet fuels & gasoline

(CoolPlanet, 2015)

(AT])

Emerald Biofuels  Chicago, IL Renewable diesel (Emerald, 2015)
Envergent (UOP Kapolei, HI Green diesel & jet fuel (Envergent, 2015)
& Ensyn)

Fulcrum Storey County, SPK jet fuel or renewable diesel (Fulcrum, 2015)
BioEnergy NV

Haldor Topsoe Pasadena, TX Dimethyl ether, renewable (Topsoe, 2015)
Inc. gasoline

LanzaTech Soperton, GA Drop-in jet fuel via Alcohol-to-Jet  (LanzaTech, 2015)

Maverick Synfuels

Brooksville, FL

Renewable diesel/jet fuel via
Methanol-to-Olefins (MTO)

(Maverick, 2015)

Red Rock Biofuels

Fort Collins, CO

Drop-in jet, diesel and naphtha
fuels

(RedRock, 2015)

Sundrop Fuels

Longmont, CO

Green gasoline

(Sundropfuels, 2015)

gasoline

SynTerra Energy CA & OH Synthetic diesel fuel (SynTerra, 2012)
Terrabon, Inc. Bryan, TX Renewable gasoline & chemicals (Terrabon, 2008)
Virent Madison, WI Renewable diesel, jet fuel & (Virent, 2015)

Algae

Algenol

Fort Myers, FL

Renewable diesel, gasoline and jet
fuel

(Algenol, 2016)

Joule Unlimited

Hobbs, NM

Sunflow-D (diesel)

(Jouleunlimited,
2014)

Sapphire Energy

Columbus, NM

Gasoline from omega oils

(Bardhan, Gupta,
Gorman, & Haider,
2015; Sapphire,
2014)

Solazyme

Peoria, IL

Soladiesel, Solajet

(Bardhan et al., 2015;
Solazyme, 2014)

Northwest Advanced Renewables Alliance

Conclusion

Future biofuel conversion technologies and resultant final products are difficult to
predict; however, a fully drop-in, sustainable and energy dense biomass-based lig-
uid fuel at price parity with petro-based fuels is the ultimate goal to address societal
needs around climate change and energy security (Babcock, Marette, & Tréguer,
2011). In particular, specific biofuel pathways will be driven by a favorable value
proposition vis-a-vis petro-fuels in terms of overall economics and proven environ-
mental benefits without perceived negative impacts on performance. This paper
provides an up-to-date critical review for researchers and policymakers to better
understand the structure of existing U.S. biorefineries and to benchmark future
opportunities for the U.S. bioeconomy.
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TASK 2: COMMERCIALIZATION FACTORS FOR
THE U.S. CELLULOS BIOFUELS INDUSTRY

OBJECTIVE

The OVERALL objective is to examine, understand and quantify the perceived driv-
ers for and barriers to the commercialization of the U.S. cellulosic biofuels industry
among academic researchers and industrial experts.

METHODOLOGY

Data were collected via quantitative surveys between July and November 2015. The
sample population for this study was obtained from the registration lists of the 2015
annual meetings of seven U.S. Department of Agriculture (USDA) Coordinated Agri-
cultural Projects (CAPs) (Table VCO-2.1) (National Institute of Food and Agriculture
(NIFA), 2015). These CAPs contain significant science-based expertise in research,
education, and extension, as well as expertise gained from collaboration with key
stakeholders and industrial partners. As a result, these seven programs represent a
unique set of knowledge and experience on all aspects of biorefinery supply chains.
To balance industrial expert group representation, attendees to the following two
industrial conferences were added to our population: the 2015 National Advanced
Biofuel Conference & Expo (NABC&E) and the 12th Advanced Bioeconomy Leader-
ship Conference (ABLC) (Table VCO-2.1). These two conferences represent the U.S.
biofuels and bio-based chemicals industries. In this sense, the samples analyzed in
the paper are non-probability convenience samples.

The semi-structured survey instrument consisted of RATING questions designed

to examine the importance of the drivers for and the degree of barriers to the
commercialization of the U.S. cellulosic biofuels industry. Because of the emphasis
of impediments to economy of scale by policymakers and academic researchers,
this study’s authors purposefully included a RANKING question to delineate the top
three barriers in a meaningful and interpretable way (Dillman, Smith, & Christian,
2014). In other words, RANKING forced differences, which may not have been
produced in the RATING question.

The procedure of administering the quantitative surveys includes several steps.
Initially, a paper-based survey was administered at each venue. Later, a three-
email follow-up strategy was deployed via an online-based survey to increase
response rates. The first email included an embedded URL link to a SurveyMonkey®
website, followed by two reminder emails at one-week intervals sent to all non-
respondents (Dillman, Smith, & Christian, 2014). Data collection efforts resulted in
274 respondents (Table VCO-2.2), and the overall response rate was approximately

Table VCO-2.1. The Seven USDA Coordinated Agricultural Projects (CAPs) (NIFA, 2015) and Two Industrial
Conferences

2015 Annual

Industrial
experts

Academic

Lead University Meeting Date & researchers

Location

Advanced Hardwood Biofuels U of Washington Sept. 10, Seattle,
Northwest (AHB) WA
Bioenergy Alliance Network Colorado State U Oct. 14, Missoula, 63 6
of the Rockies (BANR) MT
CenUSA Bioenergy Iowa State U July 28-29, Madison, 57 8

WI
Southeast Partnership for U of Tennessee Aug. 10, Auburn, 74 6
Integrated Biomass Supply AL
Systems (IBSS)
Northwest Advanced Washington State Sept. 15, Spokane, 98 22
Renewable Alliance (NARA) U WA
The Northeast Woody/Warm- Pennsylvania Aug. 3-5, Morgan- 83 6
season Biomass Consortium State U town, WV
(NEWBio)
Sustainable Bioproduct Louisiana State U Oct. 21, Baton 54 5
Initiative (SUBI) Rouge, LA

Total: 511 67

Industrial
experts

Academic

Industrial Conferences Organizer Dates & Location  researchers

National Advanced Biofuel BBI International Oct. 26-28, Omaha,
Conference & Expo NE
(NABC&E)

The 12" Advanced
Bioeconomy Leadership
Conference (ABLC)

Biofuels Digest Nov. 2-5, San - 60

Francisco, CA

Total: 100

40%. The graduate students participating in this study represented young, relatively
inexperienced professionals and future energy issues decision makers (Halder, et
al., 2012); professors were typically research focused, often on specific bioenergy
related issues; and industrial experts were the most experienced group and,
arguably possess a bigger picture of the U.S. biofuels industry, but perhaps not

as much expertise on a single focused issue compared to academic researchers.
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Overall, these three groups of participants collectively represent a broad array of
U.S. biofuels research and development perspectives.

Table VCO-2.2. Participants’ Profile of Quantitative Surveys

Participants of Study Participants Average
Quantitative Surveys (n) Research Experience
(years)
Graduate students 90 2.53
Professors 129 8.63
Industrial experts 55" 11.45
RESULTS

Drivers for the commercialization of the U.S. cellulosic

biofuels industry

As illustrated in Table VCO-2.3, this study’s 268 academic researchers and industrial
experts rated government policies significantly higher than any other cellulosic
biofuel scale-up driver, with an overall mean value of 4.63. Overall, added value
from non-fuel co-products and carbon emission reduction were the second and
third most important drivers, respectively. Interestingly, food-vs.-fuel debate was
the lowest rated scale-up driver by our three expert groups, which is not surpris-
ing given the public’s skepticism regarding the impact on food security in the U.S.
(Carus & Dammer, 2013).

Table VCO-2.3. The mean value of importancel of drivers for the scale-up of the U.S. cellulosic biofuels indus-

try and significant differences of perceived drivers among three participant categories: graduate students
(Grad), professors (Prof), and industrial experts (Industry).
Scale-up Overall Grad Prof

Industry Multiple-

DRIVERS (n=268) (n=87) (n=126) (n=55) Signiﬁcance2 Comparisons3
Mean value
1.Government 4.63 4.54 4.66 4.71 0.237
policies
2.Added value 4.26 4.17 4.34 4.20 0.318
from non-fuel
co-products
3.Carbon emission 4.15 4.22 4.20 3.96 0.284
reduction
4.Volatile oil 4.08 4.08 4.09 4.06 0.974
prices
5.Dependence on 3.99 4.18 4.01 3.64 0.004 Grad,
fossil fuels Prof>Industry
6.Rural economic 3.90 3.91 3.85 3.98 0.641
development
7.Energy security 3.85 4.14 3.73 3.69 0.004 Grad >Prof,
Industry
8.Food-vs.-fuel 3.19 3.39 3.21 2.84 0.017 Grad> Industry
debate
Multiple- 1>2-8; 1-7>8  1>3-8; 1>3-8; - -
Comparisons® 1-7>8 1-7>8 1-7>8;
" Importance was measured using a 5-point Likert-scale, from 1=not important at all to 2=somewhat
unimportant to 3=neither important nor unimportant to 4=somewhat important to 5=very important. 2
Based on parametric analysis of variance (ANOVA) test, bold = significant at the 0.05 level.
Based on Tukey’s HSD (honest significant difference) test with 95% conference interval.

Significant differences between mean values of importance of drivers for the three
participant categories were found at the 0.05 significance level for 3 out of the 8
drivers identified in this study (Table VCO-2.3). Graduate students and professors
rated dependence on fossil fuels significantly higher than the industrial respon-
dents. Additionally, graduate students rated food-vs.-fuel debate and energy
security as significantly more important drivers to cellulosic biofuel scale up as
compared to industry.

Comparing the three respondent groups, industrial experts clearly view potential
cellulosic industry scale-up barriers differently vs. the other two groups (Table VCO-
2.4). Industry views policy uncertainty and capital availability as significantly
higher barriers and high production costs, competition vs. petro-fuels, and
competition vs. corn-grain ethanol as significantly lower barriers compared to CAP
researchers. These findings underscore the importance of examining issues from
multiple perspectives.
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Table VCO-2.4. The mean value of the degreel of barriers to the scale-up of the U.S. cellulosic biofuels indus-
try and significant differences of perceived barriers among three participant categories: graduate students
(Grad), professors (Prof), and industrial experts (Industry).

Overall Grad Prof
(n=264) (n=88) (n=121)

Scale-up
BARRIERS

Industry
(n=55)

Multiple-
Significance2 Comparisons3

Mean value

1.High production 4.19 4.36 4.14 4.04 0.041 Grad>Industry
costs

2.Policy 4.17 4.05 4.12 4.45 0.019 Industry>Grad,
uncertainty Prof

3.Competition vs. 4.15 4.28 4.18 3.86 0.034 Grad>Industry
petro-fuels

4.Feedstock costs 3.86 3.91 3.88 3.73 0.502

5.Capital 3.74 3.57 3.74 4.02 0.037 Industry>Grad
availability

6.Technology 3.54 3.53 3.60 3.40 0.443
availability

7.Cellulosic 3.50 3.55 3.55 3.29 0.165
biofuels logistics

8.Consistent 3.34 3.38 3.33 3.29 0.889
feedstock supply

9.Competition vs. 2.94 3.23 2.85 2.69 0.003 Grad>Prof,
corn-grain Industry
ethanol

Multiple- 1-3>4-9; 1-3>5-9; 1-3>5-9; 2>1,3-9; - -

Comparisons” 1-8>9 1-8>9 1-8>9

" Degree was measured using a 5-point Likert-scale, from 1=not a barrier to 2=low barrier to 3=moderate

barrier to 4=high barrier to 5=very high barrier.
?Based on parametric analysis of variance (ANOVA) test, bold = significant at the 0.05 level.
* Based on Tukey’s HSD (honest significant difference) test with 95% conference interval.

Ranking of barriers to the commercialization of cellulosic biofuels
Afollow-up RANKING question was designed to supplement and possibly confirm
the RATING scale responses to better delineate potential barriers to the scale-up of
the U.S. cellulosic biofuels industry (Dillman et al., 2014). Participants were asked to
indicate the top three barriers by using the pull-down menu of the 9 barriers listed
in previous rating question. The responses were given a value weighting of 3 points
for the “#1 commercialization barrier”, 2 points for the “#2 commercialization barri-
er” and 1 point for the “#3 commercialization barrier” (Figure VCO-2.1).
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Score of Barriers &SNGraduate Students E== Professors 88 [ndustry =—>—Overall Score of Barriers
(by Group) (Overall)
180 [ 326 350
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Competition  Policy High Feedstock  Capital Constant Technology Cellulosic Competition
vs. petro- uncertainty production costs availability feedstock availability — biofuel Vs. corn-
fuels costs logistics grain
ethanol

Figure VCO-2.1. Top 3 highest scale-up barrier ranked by survey participants [n=261]

Interestingly, the three highest RATED barriers to the commercialization of
cellulosic biofuels (Table VCO-2.1) were also identified as the highest RANKED
barriers in Table VCO-2.4. However, competition vs. petro-fuels was, by far, the #1
ranked “commercialization barrier” with an overall score of 326, followed by policy
uncertainty (291), and high production costs (290).

Conclusion

By understanding how academic researchers and industrial experts perceive cel-
lulosic biofuels commercialization, policy makers can increase the effectiveness of
programs designed to encourage adoption and diffusion of cellulosic biofuels in the
U.S. liquid transportation fuels market.
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TASK 3: REVIEW OF THE U.S. BIO-BASED
CHEMICALS INDUSTRY

OBJECTIVE
The overall goal of this subtask is to present a comprehensive review of the U.S. bio-
based chemicals industry.

METHODOLOGY/RESULTS/CONCLUSION

This section identified existing and proposed projects in the U.S. bio-based chem-
icals industry through company websites and secondary reports (e.g. Nova Insti-
tute). As of June 2016, thirty-five companies producing twenty bio-based chemicals
were identified (Table VCO-3.1). These renewable chemical building blocks are or-
ganized by their carbon number, i.e. C3 to Cn. The microbial production of platform
chemicals from carbohydrates has been the major conversion technique as shown
in Table VCO-3.1.

These thirty-five companies may be categorized into three major groups, including
“Chemical Giants”, “Biochemical Start-Ups”, and “Agricultural Giants”.

Northwest Advanced Renewables Alliance

Table VCO-3.1. U.S. bio-based chemical companies and their products (June 2016)

als

n Technique

Acrylic acid Blue Marble Biomaterials Missoula, MT Polyculture fermentation system
Cargill, Incorporated Wayzata, MN Acquired OPXBIO’s EDGE™ bioengineering
technolog
SGA Polymers, LLC South Charleston, Converts lactic acid from carbohydrates into
A% acrylic acid
Lactic acid Blue Marble Biomaterials Missoula, MT Polyculture fermentation system
c3 DuPont Industrial Biosciences Itasca, IL DuPont™ GENECOR” fermentation system
GlycosBio Biotechnologies Inc.  Houston, TX Metabolic engineering and fermentation
Myriant Corporation Woburn, MA Single step, anaerobic fermentation with
engineered microorganisms and catalytic
upgrading
1,3-Propanediol (PDO) DuPont Tate & Lyle Bio Loudon, TN Convert corn glucose to Bio-PDO™ via
Products Company, LLC fermentation
n-Butanol & Butamax Advanced Biofuels Wilmington, DE Butamax™ technology is designed to convert the
isobutanol LLC sugars from various biomass feedstocks, including
corn and sugarcane, into biobutanol using existing
biofuel production facilities
Gevo Inc. Englewood, CO Production of isobutanol by using an integrated
strategy of biological and chemical
c4 Working Bugs, LLC East Lansing, MI Fermentation processes
Succinic acid & BioAmber Inc. Plymouth, MN Industrial biotechnology and chemical catalysis
1,4-butanediol (BDO) Genomatica, Inc. San Diego, CA Integrated biotechnology platform
Myriant Corporation Woburn, MA Single step, anaerobic fermentation with
engineered microorganisms and catalytic
upgrading
Furans Micromidas Inc. West Sacramento, Use a non-fermentation, non-gasification,
CA chemical-only process
Isoprene GlycosBio Biotechnologies Inc. ~ Houston, TX Metabolic engineering and fermentation
Cs Yulex Corporation Chandler, AZ Purifying process to remove over 99.9% of natural
rubber harmful impurities
Levulinic acids Segetis Golden Valley, MN  Thermochemical conversion
c6 1,6-hexanediol (1,6-HDO) Rennovia Inc. Santa Clara, CA Chemical catalytic process technolog;

Adipic acid

Rennovia Inc.

Santa Clara, CA

Chemical catalytic process technolog

Verdezyne Inc. Carlsbad, CA Fermentation
Glucaric acid Rennovia Inc. Santa Clara, CA Chemical catalytic process technology
Rivertop Renewables, Inc. Missoula, MT Novel Chemistry™ approach produces glucaric

acid and other chemicals for consumer and
industrial applications

Hexamethylenediamine

Rennovia Inc.

Santa Clara, CA

Chemical catalytic process technology

(HMD)

Benzene Anellotech Inc. Pearl River, NY Thermo Catalytic Biomass Conversion (Bio-
TCAT™) to produce a mixture of benzene,
toluene, and xylenes (bio-BTX)

Cellulose & Celanese Acetate LLC Dallas, TX Cellulose acetate is derived from cellulose by
Cellulose acetate (CA) Eastman Chemical Compan Kingsport, TN deconstructing wood pulp into a purified fluffy
Innovia Films Atlanta, GA white cellulose

Rotuba Extruders Linden, NJ

Polyamides (PA)

Arizona Chemical Company,
LLC

Jacksonville, FL

Arkema

King of Prussia, PA

Convert benzene to polyamide 6 and 6,6, via
cyclohexane

Polyethylene terephthalate
(PET)

Toray Plastic (America), Inc.

North Kingstown,
RI

A polymer built up from the monomers mono-
ethylene glycol (MEG) and purified terephthalic
acid (PTA)

Polyhydroxyalkanoates
(PHAs)

Meredian Holdings Groups
(MHG)

Bainbridge, GA

A group of microbial polyesters produced directly
by fermentation

Metabolix Inc. Lowell, MA
Newlight Technologies LLC Costa Mesa, CA
Polylactic acid (PLA) Corbion Lenexa, KS Corn or other raw materials are fermented to

NatureWorks LLC

Minnetonka, MN

PolyOne Corporation

Avon Lake, OH

produce lactic acid, which is then polymerized to
make polylactic acid (PLA)

Starch blends

StarchTech Inc.

Minneapolis, MN

Teknor Apex

Pawtucket, RT

Trellis Bioplastics

Seymour, IN

Thermoplastic starch along with (modified)
renewable polymers is used to produce starch
blends
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TASK 4: OPPORTUNITIES FOR LIGNIN VALORIZATION

OBJECTIVE

This subtask provides a roadmap to identify and assess value-added markets for
industrial products through an examination of lignin-based products. One val-
ue-added lignin product with potential, powdered activated carbon (PAC), is used
to further demonstrate a process for examining market opportunities for biorefinery
lignin waste streams.

METHODOLOGY

This research deployed a multi-phase process including: a PAC vendor content anal-
ysis; and survey techniques (Figure VCO-4.1). A thorough literature review identified
potential lignin-based value-added products. Powdered activated carbon (PAC) was
selected as an appropriate “low-hanging” opportunity for biorefinery waste lignin
and, as such, was used in subsequent research phases. Phase | then analyzed web-
based content of PAC vendors’ promotional marketing literature tailored to power
plant buyers/users for their PAC products. And, Phase Il incorporated the Phase |
results into an exploratory e-survey of select PAC buyers/users in the U.S. power
generation industry.

Phase I: PAC Vendor Content Analysis

In 2015, nine firms supplied PAC for mercury sequestration to U.S. coal-fired power
plants, 8 of which were used in the Vendor Content Analysis due to a lack of PAC
specific promotional marketing material from one of the vendor websites. The
population was identified through activated carbon market research reports (Table
VCO-4.1) (Freedonia, 2013; Kahn, 2014; Marketsandmarkets.com, 2012; PR News-
wire, 2013; Anonymous, 2013).

Table VCO-4.1. PAC Vendors analyzed in the vendor content analysis (n=8)

*not included in vendor content analysis
PAC Vendor Print Media Access
ADA Carbon Solutions www.ada-cs.com

www.albemarle.com
www.babcockpower.com
www.cabotcorp.com
www.calgoncarbon.com
Carbotech.de/?lang=en
www.donau-carbon.com/?lang=en-US
www .jacobi.net

Albemarle Corporation
Babcock Power Inc.
Cabot Carbon
Calgon Carbon
Carbotech AC GMBH
Donau Chemie
Jacobi Carbon

CECA * www.cecachemicals.com

Problem:
Value-Added Applications for Biorefinery Waste Lignin
Phase I: Phase I1:
PAC Vendor Content Analysis PAC Buyer/User Survey

Objective:
Explore attributes on which lignin-based
PAC for mercury sequestration from
electric generation power plant flue gas is
purchased, examine barriers to entry and
market opportunity

Objective:
Assess the criteria on which PAC is

currently promoted by vendors

Implications:

* The process may be applied to investigate other value-added opportunities
* Lignin has a potential market application as PAC for mercury sequestration from

electric generating power plant flue gas

Figure VCO-4.1. Multi-phase process for new lignin product-market opportunity research.

This task used a summative content analysis (Hsieh & Shannon, 2005) to identify
and quantify specific terminology using a word frequency count (WFC) applied

to the promotional marketing materials of eight U.S. PAC suppliers. The WFC and
text interpretation were categorized using a priori coding (Stemler, 2001). Content
analysis media included all material related directly to mercury sequestration from
flue gas streams from the company websites, product brochures, and product tech
sheets of eight U.S. PAC supplying companies.

Research suggests that industrial purchases are made on a set of value dimensions
relating to product and service benefits or attributes (Ulaga & Eggert, 2005). The
PAC vendor content analysis provided a systematic process to identify and code
terminology into two mutually exclusive categories, product attributes and service
attributes. A WFC was performed using MAXQDA software, identifying individual
attributes mentioned most often, which were assumed to reflect high importance
(Stemler, 2001). The attribute was then evaluated in the context of the document
and sentenced to validate its importance to the analysis. Moreover, phrases and text
were interpreted to code inferred attributes into individual attributes (Table VCO-
4.2). The counted words and phrases were coded by individual attributes that best

reflected the meaning of the word or phrase.
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Table VCO-4.2. Examples of attribute assignment to PAC suppliers’ web-based content

Print Media Content Attribute Interpretation

“...tailored to meet your needs.” Customizable Product

“...customized solutions...” Customizable Product

“Reduced mercury emissions” Product Effectiveness

“...effective in removing many flue gas

contaminants.” Product Effectiveness

“...plant-tested and proven...” Proven Product Performance

“...90% mercury removal was easily attainable
% ury valw Y Proven Product Performance

with...”
“...supply assurance...” Reliable Delivery
“...an undisturbed supply of...” Reliable Delivery

“Our Advanced Performance Guarantee...” Product Guarantee

“We can guarantee...” Product Guarantee

Phase Il: PAC Buyer/User Survey

Buyers/users of PAC, that is, electric generating power plants with ACI systems,
assessed the importance of the Phase | product and service attributes, identified
barriers to market entry, and evaluated market opportunity via an e-survey.

The Energy Information Administration (EIA) publishes an annually updated data-
base from EIA Form-860, which includes all buyers/users of PAC from U.S. power
plants currently operating an activated carbon injection (ACI) system, or proposing
to operate an ACI system. In 2014, 173 electric generating power plants using 356
ACl units were identified (EIA, 2015a). The population for this study is all U.S. electric
generating power plants currently operating or proposed to operate an ACl system
included in a 2011 EPA online database (n =98) (EPA, 2011). The 2011 EPA database
included the most current available contact information for U.S. electric generating
power plants (n=98) with ACI units delineated (n=261). As shown in Figure VCO-4.2,
U.S. power plants are located throughout the U.S. with concentrations along the
upper Atlantic coast, and the upper Midwest.

NARA
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Figure VCO-4.2. Map of all U.S. power plants included in the EPA online database (2011) (n=98) delineating
the contacted power plants (dark nodes; n=64) and the unreachable power plants (light nodes; n=34) (EIA,
2011).

The e-survey used SurveyMonkey (2015) and the data collection procedures were
adapted from Don Dillman’s Guiding Principles for Mail and Internet Surveys (2012).
First, three electric generating power plants were contacted by phone and sent a
pretest e-survey to discern question ambiguity and sensitive information. From

the pretest, a modified and reduced, 5-question survey was emailed as a link via
SurveyMonkey (2015) to all remaining electric generating power plants (n=95) along
with a cover letter explaining the purpose of the study and the confidentiality of
responses. Follow-up efforts included 3 reminder emails at 1-week intervals.

The overall response rate was 26.6 percent (17/64) after adjusting for unreachable
power plants (n=34) due to erroneous contact information in the EPA (2011) online
database. The adjusted population for this exploratory study included 64 electric
generating power plants with valid contact information from the EPA’s most current
available database (EPA, 2011). Of the 17 participants, 4 are located in the upper

Atlantic coast region, 1 in Florida, 7 in the upper mid-west, and 5 in the western U.S.

Results

Phase I: PAC Vendor Content Analysis - PAC suppliers utilize promotional marketing
materials; product brochures, company websites, and product technical sheets to
market products towards customers for the application of mercury sequestration
from power plant flue gas. The print media consisted of 163 pages with 486 word
frequency counts (WFCs); product attributes received 408 WFCs and service attri-
butes 78 WFCs.
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Product and Service Attributes

Following compilation of the product and service attribute word frequency count
(WFC), individual attributes were tallied based on frequency. Overall, vendors

of PAC convey a general message to buyers/users that their products will meet
customer needs through product attributes. Based on WFCs, the top three attri-
butes conveyed by vendors about their products were Concrete Friendly (WFC = 76),
Product Effectiveness (WFC = 60) and Product Reliability (NFC = 44) (Table VCO-4.3).
The service attributes most frequently mentioned were Reliable Delivery (WFC = 39)
and AC/ Installations (WFC = 18) (Table VCO-4.3). Analysis of the product and service
attributes from the promotional marketing material provides insight into vendors’
product positioning and communication strategies.

Table VCO-4.3. Word Frequency Count of 13 product and service attributes identified in the content analysis
of PAC vendors’ promotional marketing materials

9 Product Attributes Word Frequency Count (WFC)

Concrete Friendly 76
Product Effectiveness 60
Product Reliability 44
Density 41

Product Efficiency 41
Ignition Temperature 39
Injection Rate 38
Proven Product Performance 35
Customizable Product 32
Total (Product Attributes) 408

4 Service Attributes Word Frequency Count (WFC)
Reliable Delivery 39
ACI Installations 18
On-Site Support 12
Product Guarantee 10
Total (Service Attributes) 78
Total

486

(13 Product & Service Attributes)

Phase Il: PAC Buyer/User Survey

Powdered Activated Carbon (PAC) Product and Service attributes
In addition to the 13 product and service attributes derived from the content
analysis of vendors’ promotional materials, Just-in-Time Delivery, Vendor Managed
Inventory, List of Usage References and Delivered Price were added from the pretest
results and listed in Figure VCO-4.3 without word frequency counts (WFCs).

Product & Service Attributes (WFC?!)

I — 5 00
Product Effectiveness (WFC = 60) I, |4.92
Proven Product Performance (WFC = 35) I s 4,83
Reliable Delivery (WFC = 39) | 1 4.67
I 4,67
Product Efficiency (WFC = 41) I 4,67
Injection Rate (WFC = 39) I 4.58
Product Guarantee (WFC = 10) | 1 425
I 4,17
List of Usage References 2 | ] 3,83
Ignition Temperature (WFC = 39) I 3.50
] 13.42

Product Reliability (WFC = 44)

Delivered Price 2

Density Consistently on Spec

Just-In-Time Delivery 2 |
Concrete Friendly (WFC = 76) iy 3.08
Customizable Product (WFC = 32) ISy 3.08
Vendor Managed Inventory 2 T "1 3.00
On-Site ACI System Support (WFC = 12) T """ 3.00
ACI Equipment Installation (WFC = 18) 1 2.58

B Product Attributes 200 250 300 350 400 450  5.00

. . Importance 2 Value
Service Attributes P

1 . . .
Word Frequency Count (WFC) from the vendor content analysis of promotional marketing materials.

Importance scale from: 1 (Unimportant) to 3 (Neither Important nor unimportant) to 5 (Extremely Important).

Figure VCO-4.3. Product and service attribute ratings by PAC buyers/users from U.S. electric generating
power plants (n=17). Question: [on a 5-point scale from 1=unimportant to 3=neither important nor unim-
portant to 5=extremely important] How IMPORTANT to your plant are the following PRODUCT and
SERVICE attributes in the purchase of your powdered activated carbon product?

Product Reliability was rated as the most important attribute by buyers/users of
PAC (mean = 5), followed by Product Effectiveness, Proven Performance, Reliable
Delivery, Delivered Price, and Product Efficiency (Figure VCO-4.3). The least import-
ant attribute was ACI Equipment Installation (mean = 2.58). The highest rated ser-
vice attribute was Reliable Delivery (mean = 4.67), followed by Product Guarantee
(mean =4.25) and List of Usage References (mean = 3.83). The 10 product attributes
(overall mean = 4.25) were, as a whole, rated higher than the 7 service attributes
(mean =3.53). Interestingly, PAC buyers/users rated Product Reliability, Effective-
ness and Performance higher than Delivered Price, suggesting opportunities to

differentiate products on performance attributes.
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Barriers to Entry

Another issue addressed in the e-survey to PAC buyers at U.S. electric generat-

ing power plants concerned potential entry barriers for a new, lignin-based PAC
product. Specifically, respondents were asked to list (un-aided) in rank-order the
top three barriers to their purchase of a new lignin-based PAC. The buyer/user entry
barrier responses were given a value weighting of 5 points for the largest barrier, 3
points for the second largest barrier and 1 point for the third largest barrier (Figure
VCO-4.4). The barriers to entry were addressed as follows:

Weighted Entry Barrier Ranking Score!

Title V Permitting
Operational Impacts
Compliance with Regulations
Unproven Performance
Existing Vendor Contracts
Product Availability

Value (Price/Performance)
Cost

Logistics

1
Ranking scores from: 5 (Largest Barrier), 3 (Second Largest Barrier), 1 (Third Largest Barrier) 1 (Unimportant) to 3 (Neither Important nor
unimportant) to 5 (Extremely Important).

Figure VCO-4.4. Barriers to entry for a new lignin-based PAC product (n=13). Question: [on a 5-point scale
from 1=extremely unlikely to 3=neither unlikely nor likely to 5=extremely likely] Please indicate the top 3
barriers to a new lignin-based PAC product for your power plant.

Title V Permits (weighted score = 18), such as a permit required for any physical
plant change or change in the methods of plant operation, and Operational Impacts
(weighted score = 16), that is, any impact on plant operations such as, down-time,
or equipment change-over, represent the top two barriers to market entry for a lig-
nin-based PAC, followed by Compliance with Regulations (weighted score = 13), spe-
cifically, compliance with mercury emission regulations, and Unproven Performance
(weighted score = 11), that is, a product not yet tested on a full scale power plant

(Fig. 20). Additional entry barriers to a new lignin-based PAC products mentioned
by PAC buyer/users include: Existing Vendor Contracts (weighted score =9), Product
Availability (score = 8), Cost (weighted score = 7) and Logistics (transportation and
distribution concerns) (weighted score = 6).

Opportunities for Substitution

Finally, the e-survey asked PAC buyers/users to indicate the likelihood that their
power plant would test trial a new lignin-based PAC and their likeliness of purchas-
ing a new lignin-based PAC from an existing vendor or a new vendor. The 13 respon-
dents who answered the previous “...barriers to a new lignin-based PAC product for

your power plant” (entry barriers) question were asked the following two questions:

Question: [on a 5-point scale from 1=extremely unlikely to 3=neither unlikely
nor likely to 5=extremely likely] Please indicate how LIKELY your plant is to
consider a trial test for proof-of-concept of a lignin-based PAC, assuming
similar price and performance as your current product?

Question: [on a 5-point scale from 1=extremely unlikely to 3=neither unlikely
nor likely to 5=extremely likely] If the trial test proved lignin-based PAC to
be a comparable product, how LIKELY is your plant to purchase lignin-
based PAC from an Existing Vendor, or a New Vendor?

Buyers/Users of PAC rated the likelihood of trial testing a new lignin-based PAC for
proof-of-concept as 2.47 (5-point scale) with a standard devation of 1.19 (n=13)
(Figure VCO-4.5). Respondents then indicated a somewhat stronger likelihood of
purchasing a lignin-based PAC from an existing vendor at 3.00 with a standard
devation of 1.00 (n=13) and 2.92 (n=13) from a new vendor with a standard devation

Trial test for proof-of-concept | 2.47 | i
New Vendor | 2.92 . |
Existing Vendor | 3.00 —
1.00 2.00 3.00 4.00 5.00
Likeliness Scale
! Likeliness scale from 1 (Extremely Unlikely) to 3 (Neither Likely, Nor Unlikely) to 5 (Extremely Likely)

Figure VCO-4.5. PAC buyers/users’ likeliness to consider purchasing lignin-based PAC from a new or existing
vendor (n=13)
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of 0.95.

Conclusion

This research provides insights to the PAC producing industry, biorefineries, and
the pulp industry regarding the introduction of a lignin-based PAC as a value-added
option for mercury sequestration from power plant flue gas streams. Policy makers
may better understand the impact and reaction of new rules on electric generating
power plants and peripheral industries. Lastly, this work illustrates a framework
for exploring value-added business-to-business product-market opportunities and,
specifically, opportunities for lignin valorization with a particular application to
lignin-based PAC for mercury sequestration from electric generating power plant
flue gas.
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Master of Science Thesis, The Pennsylvania State University. May. 98 pp.

Chen, M., P. Smith, and M. Wolcott. 2016. U.S. Biofuels Industry: A Critical Review of
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NARA OUTCOMES

No NARA outcomes were determined at the time of this report.

FUTURE DEVELOPMENT

The analysis of the primary data of integrated biofuels and biochemical production
and strategic buyer-seller relationships in channels is in progress. The final report
for these topics will be available in late September 2016.

Whereas the process described in this report may be applied to multiple emerging
lignin-based products across a wide array of industrial applications, this work
addresses a single lignin valorization market opportunity, lignin-based powdered
activated carbon (PAC). Results may be considered as exploratory due to the
relatively small population size of 64 electric generating power plants with usable
contact information and a limited response of 17 surveys. The findings, however,
may lay the groundwork for future work exploring market opportunities for other
lignin-based products and in other business-to-business markets.

NARA BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT

Northwest Advanced Renewables Alliance



LIST OF REFERENCES

Abengoa. (2014, October 17). Abengoa celebrates grand opening of its first
commercial-scale next generation biofuels plant. Retrieved from
http://www.abengoa.com/web/en/novedades/hugoton/noticias/

Advanced Ethanol Council. (2013). Cellulosic biofuels industry progress report 2012-
2013. Retrieved from https://ethanolrfa.3cdn.net/d9d44cd750f32071c6_
h2meévaik3.pdf

Advanced Ethanol Council. (2015, January 15). Quad County, Syngenta join AEC.
Retrieved from http://advancedbiofuels.org/quad-county-syngenta-join-
aec/#more-183

Aemetis. (2012, November 8). Biofuel producer Aemetis partners with Edeniq to
implement advanced technology [News Release]. Retrieved from
http://www.aemetis.com/biofuel-producer-aemetis-partners-with-edeniq-
to-implement-advanced-technology/

Ahmed, S. (2008). Global food price inflation: implications for South Asia, policy
reactions, and future challenges. Policy research working paper 4796.
Retrieved from http://www-wds.worldbank.org.ezaccess.libraries.psu.edu/
external/default/WDSContentServer/IW3P/IB/2008/12/18/000158349_2008
1218084218/Rendered/PDF/WPS4796.pdf

Ajanovic, A. (2011). Biofuels versus food production: Does biofuels production
increase food prices? Energy, 36(4), 2070-2076. doi: http://dx.doi.
org/10.1016/j.energy.2010.05.019

Algenol. (2016). About Algenol. Retrieved from
http://www.algenol.com/about-algenol

Alternative Fuels Data Center. (2014, June 9). Biodiesel. Retrieved from
http://www.afdc.energy.gov/fuels/biodiesel.html

Alternative Fuels Data Center. (2016, April 12). Emerging fuels - renewable
hydrocarbon biofuels. Retrieved from
http://www.afdc.energy.gov/fuels/emerging_hydrocarbon.html

American Process. (2015). Demonstration facilities [Website]. Retrieved from
http://www.americanprocess.com/Default.aspx

Amidon, T. E., Wood, C. D., Shupe, A. M., Wang, Y., Graves, M., & Liu, S. (2008).
Biorefinery: conversion of woody biomass to chemicals, energy and
materials. Journal of Biobased Materials and Bioenergy, 2(2), 100-120.

Amyris. (2016). Amyris fuels. Retrieved from https://amyris.com/products/fuels/

NARA

Northwest Advanced Renewables Alliance

BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT

Anonymous (2013) Transparency Market Research. Activated Carbon Market
(Powdered, Granular) for Liquid Phase and Gas Phase Applications in
Water Treatment, Food & Beverage Processing, Pharmaceutical & Medical,
Automotive and Air purification - Global Industry Analysis, Size, Share,
Growth, Trends. http://www.transparencymarketresearch.com/activated-
carbon-market.html. Accessed 7 Aug 2014.

Anonymous (2015). Transparency Market Research. Activated Carbon Market for
Mercury Sequestration: Global Industry Analysis, Size, Share, Growth,
Trends and Forecast 2013-2019.

Babcock, B. A., Marette, S., & Tréguer, D. (2011). Opportunity for profitable
investments in cellulosic biofuels. Energy Policy, 39(2), 714-719.

Balan, V. (2014). Current challenges in commercially producing biofuels from
lignocellulosic biomass. ISRN Biotechnology, 31. doi: http://dx.doi.
org/10.1155/2014/463074

Balan, V., Chiaramonti, D., & Kumar, S. (2013). Review of US and EU initiatives
toward development, demonstration, and commercialization of
lignocellulosic biofuels. Biofuels, Bioproducts and Biorefining, 7(6),
732-759. doi: 10.1002/bbb.1436

Bals, B. D., & Dale, B. E. (2012). Developing a model for assessing biomass
processing technologies within a local biomass processing depot.
Bioresource Technology, 106, 161-169.

Bardhan, S. K., Gupta, S., Gorman, M., & Haider, M. A. (2015). Biorenewable
chemicals: Feedstocks, technologies and the conflict with food production.
Renewable and Sustainable Energy Reviews, 51, 506-520.

Beta Renewables. (2013). Projects/Alpha [Website]. Retrieved from
http://www.betarenewables.com/projects/3/alpha

Biodiesel Magazine. (2015, January 7). USA plants. Retrieved from
http://www.biodieselmagazine.com/plants/listplants/USA/

Blue Fire Renewables. (2015). Fulton construction progress [Website]. Retrieved
from http://bfreinc.com/

Bomb, C. (2005). Opportunities and barriers for biodiesel and bioethanol
in Germany, the United Kingdom and Luxembourg. Master
of Science in Environmental Management and Policy, Lund
University, Lund, Sweden. Retrieved from http://lup.lub.lu.se/luur/
download?func=downloadFile&recordOld=1322109&fileOld=1322110


http://www.abengoa.com/web/en/novedades/hugoton/noticias/
https://ethanolrfa.3cdn.net/d9d44cd750f32071c6_h2m6vaik3.pdf
https://ethanolrfa.3cdn.net/d9d44cd750f32071c6_h2m6vaik3.pdf
http://www.aemetis.com/biofuel-producer-aemetis-partners-with-edeniq-to-implement-advanced-technology/
http://www.aemetis.com/biofuel-producer-aemetis-partners-with-edeniq-to-implement-advanced-technology/
http://www-wds.worldbank.org.ezaccess.libraries.psu.edu/external/default/WDSContentServer/IW3P/IB/2008/12/18/000158349_20081218084218/Rendered/PDF/WPS4796.pdf
http://www-wds.worldbank.org.ezaccess.libraries.psu.edu/external/default/WDSContentServer/IW3P/IB/2008/12/18/000158349_20081218084218/Rendered/PDF/WPS4796.pdf
http://www-wds.worldbank.org.ezaccess.libraries.psu.edu/external/default/WDSContentServer/IW3P/IB/2008/12/18/000158349_20081218084218/Rendered/PDF/WPS4796.pdf
http://dx.doi.org/10.1016/j.energy.2010.05.019
http://dx.doi.org/10.1016/j.energy.2010.05.019
http://www.algenol.com/about-algenol
http://www.afdc.energy.gov/fuels/biodiesel.html
http://www.afdc.energy.gov/fuels/emerging_hydrocarbon.html
http://www.americanprocess.com/Default.aspx
https://amyris.com/products/fuels/
http://dx.doi.org/10.1155/2014/463074
http://dx.doi.org/10.1155/2014/463074
http://www.betarenewables.com/projects/3/alpha
http://www.biodieselmagazine.com/plants/listplants/USA/
http://bfreinc.com/
http://lup.lub.lu.se/luur/download?func=downloadFile&recordOId=1322109&fileOId=1322110
http://lup.lub.lu.se/luur/download?func=downloadFile&recordOId=1322109&fileOId=1322110

Borregaard (2015) The Home of Sustainable Vanillin. www.smartvanillin.com.
Accessed 28 Jan 2016.

Bowen, B. & Irwin, M. (2007). Basic Mercury Data & Coal Fired Power Plants. In
Indiana Center for Coal Technology Research. https://www.purdue.edu/
discoverypark/energy/assets/pdfs/cctr/outreach/Basics2-Mercury-Mar07.
pdf. Accessed 10 May 2015.

Bozell, J. J. (2008). Feedstocks for the future-biorefinery production of chemicals
from renewable carbon. CLEAN-Soil, Air, Water, 36(8), 641-647.

Bozell, J. J., & Petersen, G. R. (2010). Technology development for the production
of biobased products from biorefinery carbohydrates-the US Department
of Energy’s “Top 10” revisited. [10.1039/B922014C]. Green Chemistry, 12(4),
539-554. doi: 10.1039/b922014c

Brown, T. R., & Brown, R. C. (2013). A review of cellulosic biofuel commercial-scale
projects in the United States. Biofuels, Bioproducts and Biorefining, 7(3),
235-245. doi: 10.1002/bbb.1387

Business Wire. (2012, June 4). Edeniq and Flint Hills Resources Renewables
establish joint development relationship. Retrieved from http://www.
businesswire.com/news/home/20120604005516/en/Edeniq-Flint-Hills-
Resources-Renewables-Establish-Joint#VawCTPIViko

Butamax. (2013, October 2). Butamax technology [Website]. Retrieved from
http://www.butamax.com/renewable-fuel-technologies.aspx

Cabot. (2014). Activated Carbon. http://www.cabotcorp.com/solutions/products-
plus/activated-carbon. Accessed 29 Oct 2014.

Canergy. (2015). Project [Website]. Retrieved from
http://www.canergyus.com/project/

Carter, C. A, & Miller, H. 1. (2012, July 30). Corn for food, not fuel. The New York Times.

Retrieved from http://www.nytimes.com/2012/07/31/opinion/corn-for-
food-not-fuel.html?_r=0

Carus, M. & Dammer, L. (2013). Food or non-food: which agricultural feedstocks are
best for industrial uses? (Nova paper #2 on bio-based economy 2013-07).
nova-Institut GmbH.

Castanheira, E. G., Grisoli, R., Freire, F., Pecora, V., & Coelho, S. T. (2014).
Environmental sustainability of biodiesel in Brazil. Energy Policy,
65, 680-691.

Chang, L.W. (1977). Neurotoxic effects of mercury—A review. Environmental
Research, 14(3), 329-373. doi:http://dx.doi.org/10.1016/0013-
9351(77)90044-5

NARA

Northwest Advanced Renewables Alliance

BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT

Chen, M., Smith, P. M., & Wolcott, M. P. (2016). U.S. biofuels industry: A critical review
of opportunities and challenges. BioProducts Business, 1(4), 42-59.

Cherubini, F. (2010). The biorefinery concept: Using biomass instead of oil for
producing energy and chemicals. Energy Conversion and Management,
51(7), 1412-1421. doi: http://dx.doi.org/10.1016/j.enconman.2010.01.015

Cherubini, F., & Stramman, A. H. (2011a). Chemicals from lignocellulosic biomass:
opportunities, perspectives, and potential of biorefinery systems. Biofuels,
Bioproducts and Biorefining, 5(5), 548-561.

Cherubini, F., & Stramman, A. H. (2011b). Life cycle assessment of bioenergy
systems: state of the art and future challenges. Bioresource Technology,
102(2), 437-451.

CoolPlanet. (2015). Drop-in renewable fuels & chemicals. Retrieved from
http://www.coolplanet.com/how-it-works/GreenFuels

Coskata. (2015). Facilities [Website]. Retrieved from http://www.coskata.com/
facilities/index.asp?source=4ACD6CB3-881C-4F31-BFDE-ED3A413BD2CE

Cuesta, J. (2014). Food price watch. The World Bank Group, Issue 17. Retrieved
from http://www.worldbank.org/content/dam/Worldbank/document/
Poverty%20documents/FPW_May%202014_final.pdf

Dillman, D.A. (2000). Mail and internet surveys: The tailored design method (Vol. 2).
New York: Wiley.

Dillman, D. (2012). Don Dillman’s Guiding Principles for Mail and Internet Surveys.
http://www.une.edu/sites/default/files/Microsoft-Word-Guiding-Principles-
for-Mail-and-Internet-Surveys_8-3.pdf. Accessed 29 Aug 2014.

Dillman, D. A., Smith, J. D., & Christian, L. M. (2014). Internet, phone, mail, and
mixed-mode surveys: the tailored design method: John Wiley & Sons.

Downe-Wamboldt B (1992) Content analysis: Method, applications, and
issues. Health Care for Women International, 13(3), 313-321.
doi:10.1080/07399339209516006

Downing M (2014) DOE Lignin to Carbon Fiber Workshop. http://www1.eere.energy.
gov/bioenergy/pdfs/carbon_fiber_workshop_downing.pdf. Accessed 9
Sep 2015.

Dupont. (2015a). Advanced biofuels. Retrieved from http://www.dupont.com/
products-and-services/industrial-biotechnology/advanced-biofuels.html

DuPont. (2015b). The DuPont cellulosic ethanol facility in Nevada, lowa: leading
the way for commercialization. Retrieved from http://www.dupont.com/
products-and-services/industrial-biotechnology/advanced-biofuels/
cellulosic-ethanol/nevada-iowa-cellulosic-ethanol-plant.html


http://www.butamax.com/renewable-fuel-technologies.aspx
http://www.canergyus.com/project/
http://www.nytimes.com/2012/07/31/opinion/corn-for-food-not-fuel.html?_r=0
http://www.nytimes.com/2012/07/31/opinion/corn-for-food-not-fuel.html?_r=0
http://dx.doi.org/10.1016/j.enconman.2010.01.015
http://www.coolplanet.com/how-it-works/GreenFuels
http://www.coskata.com/facilities/index.asp?source=4ACD6CB3-881C-4F31-BFDE-ED3A413BD2CE
http://www.coskata.com/facilities/index.asp?source=4ACD6CB3-881C-4F31-BFDE-ED3A413BD2CE
http://www.worldbank.org/content/dam/Worldbank/document/Poverty%20documents/FPW_May%202014_final.pdf
http://www.worldbank.org/content/dam/Worldbank/document/Poverty%20documents/FPW_May%202014_final.pdf
http://www.dupont.com/products-and-services/industrial-biotechnology/advanced-biofuels.html
http://www.dupont.com/products-and-services/industrial-biotechnology/advanced-biofuels.html
http://www.dupont.com/products-and-services/industrial-biotechnology/advanced-biofuels/cellulosic-ethanol/nevada-iowa-cellulosic-ethanol-plant.html
http://www.dupont.com/products-and-services/industrial-biotechnology/advanced-biofuels/cellulosic-ethanol/nevada-iowa-cellulosic-ethanol-plant.html
http://www.dupont.com/products-and-services/industrial-biotechnology/advanced-biofuels/cellulosic-ethanol/nevada-iowa-cellulosic-ethanol-plant.html

NARA

Northwest Advanced Renewables Alliance

EIA (2015a) Form EIA-860 detailed data. http://www.eia.gov/electricity/data/eia860/.
Accessed 3 Sep 2015.

EIA (2015b) How much ethanol is in gasoline, and how does it affect fuel economy.
http://www.eia.gov/tools/fags/faq.cfm?id=27&t=10. Accessed 4 Feb 2016.

EIA. (2016). Coal Data Browser. http://www.eia.gov/beta/coal/data/browser/#/c/3
37agg=0,2,1&rank=g&geo=g0000000000003vu&mntp=g&linechart=COAL.
PRODUCTION.TOT-US-TOT.A&columnchart=COAL.PRODUCTION.TOT-US-
TOT.A&map=COAL.PRODUCTION.TOT-WBO-TOT.A&freq=A&start=2001&end=
2013&ctype=map&ltype=. Accessed 8 Feb 2016.

Emerald. (2015). Projects. Retrieved from
https://emeraldonellc-public.sharepoint.com/projects

Energy Efficiency & Renewable Energy. (2014a, December 16). Ethanol vehicle
emissions. Alternative Fuels Data Center. Retrieved from
http://www.afdc.energy.gov/vehicles/flexible_fuel_emissions.html

Energy Efficiency & Renewable Energy. (2014b, July). Feedstock supply and
logistics: Biomass as a commodity. Retrieved from http://www.energy.gov/
sites/prod/files/2014/11/f19/feedstock_supply_fact_sheet.pdf

Energy Efficiency & Renewable Energy. (2015, January 15). Biodiesel Vehicle
Emissions. Alternative Fuels Data Center. Retrieved from
http://www.afdc.energy.gov/vehicles/diesels_emissions.html

Energy Information Administration. (2011, September 14). The ethanol blend wall.
Retrieved from http://www.eia.gov/todayinenergy/detail.cfm?id=3070

Energy Information Administration. (2016a). Monthly biodiesel production report.
Washington D.C. retrieved from http://www.eia.gov/biofuels/biodiesel/
production/

Energy Information Administration. (2016b, February). Monthly energy review.
Retrieved from http://www.eia.gov/totalenergy/data/monthly/#renewable;

Energy Information Administration. (2016c, February 29). U.S. product supplied
of finished motor gasoline. Retrieved from http://www.eia.gov/dnav/pet/
hist/LeafHandler.ashx?n=PET&s=MGFUPUS1&f=A

Envergent. (2015). RTP for transportation. Retrieved from https://www.
envergenttech.com/technology/transporation-fuels/

Environmental Protection Agency. (2015). EPA proposes renewable fuel standards
for 2014, 2015, and 2016, and the biomass-based diesel volume for 2017.
(77507). Washington D.C.

EPA (2011) Air Toxics Standards for Utilities: MATS ICR Data - Facility Contact
Information Database. http://www.epa.gov/airtoxics/utility/utilitypg.html.
Accessed 24 Sep 2014.

EPA. (2012). Fact Sheet: Mercury and Air Toxic Standards for Power plants. Retrieved
http://www3.epa.gov/mats/pdfs/20111221MATSsummaryfs.pdf. Accessed
13 Aug 2014.

EPA (2015) Fact Sheet: Consideration of Cost in the Appropriate and Necessary
Finding for the Mercury and Air Toxics Standards for Power Plants. http://
www3.epa.gov/mats/pdfs/20151120fs.pdf. Accessed 15 Oct 2015.

Fernando, S., Adhikari, S., Chandrapal, C., & Murali, N. (2006). Biorefineries: Current
status, challenges, and future direction. Energy & Fuels, 20(4), 1727-1737.
doi: 10.1021/ef060097w

Fiberight. (2015). Renewable fuel from MSW a reality. Retrieved from
http://fiberight.com/iowa/

FitzPatrick, M., Champagne, P., Cunningham, M. F., & Whitney, R. A. (2010). A
biorefinery processing perspective: Treatment of lignocellulosic materials
for the production of value-added products. Bioresource Technology,
101(23), 8915-8922.

Frazier, R. (2016). Coal-Fired Power Plants Clean Up Their Act. Inside Energy. http://
insideenergy.org/2016/01/06/coal-fired-power-plants-clean-up-their-act/#.
Accessed 10 Jan 2016.

Freedonia (2013) Activated Carbon to 2017 - Demand and Sales Forecasts, Market
Share, Market Size, Market Leaders - Table of Contents. http://www.
freedoniagroup.com/Activated-Carbon.html. Accessed 12 Feb 2014.

Frost & Sullivan (2014). Full Speed Ahead for the Lignin Market with High-Value
Opportunities as early as 2017. http://www.frost.com/prod/servlet/press-
release-print.pag?docid=290584323. Accessed 12 Jan 2015.

Fu, K., Yue, Q., Gao, B., Sun, Y. & Zhu, L. (2013). Preparation, characterization and
application of lignin-based activated carbon from black liquor lignin
by steam activation. Chemical Engineering Journal, 228(0), 1074-1082.
doi:http://dx.doi.org/10.1016/j.cej.2013.05.028.

Fuels America (2014, April 29). Four commercial scale cellulosic ethanol biorefineries
to enter production this year. Retrieved from http://www.fuelsamerica.
org/blog/entry/four-commercial-scale-cellulosic-ethanol-biorefineries-to-
enter-production

Fulcrum. (2015). Sierra biofuels plant. Retrieved from
http://fulcrum-bioenergy.com/facilities/

Gargulak JD, Lebo SE (1999) Commercial Use of Lignin-Based Materials. In Lignin:
Historical, Biological, and Materials Perspectives (Vol. 742, pp. 15-304).
American Chemical Society. doi:doi:10.1021/bk-2000-0742.ch015

BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT


https://emeraldonellc-public.sharepoint.com/projects
http://www.afdc.energy.gov/vehicles/flexible_fuel_emissions.html
http://www.energy.gov/sites/prod/files/2014/11/f19/feedstock_supply_fact_sheet.pdf
http://www.energy.gov/sites/prod/files/2014/11/f19/feedstock_supply_fact_sheet.pdf
http://www.afdc.energy.gov/vehicles/diesels_emissions.html
http://www.eia.gov/todayinenergy/detail.cfm?id=3070
http://www.eia.gov/biofuels/biodiesel/production/
http://www.eia.gov/biofuels/biodiesel/production/
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MGFUPUS1&f=A
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MGFUPUS1&f=A
https://www.envergenttech.com/technology/transporation-fuels/
https://www.envergenttech.com/technology/transporation-fuels/
http://fiberight.com/iowa/
http://www.fuelsamerica.org/blog/entry/four-commercial-scale-cellulosic-ethanol-biorefineries-to-enter-production
http://www.fuelsamerica.org/blog/entry/four-commercial-scale-cellulosic-ethanol-biorefineries-to-enter-production
http://www.fuelsamerica.org/blog/entry/four-commercial-scale-cellulosic-ethanol-biorefineries-to-enter-production
http://fulcrum-bioenergy.com/facilities/

Gegg, P, Budd, L., & Ison, S. (2014). The market development of aviation biofuel:
Drivers and constraints. Journal of Air Transport Management, 39, 34-40.

Gevo. (2015). Future-generation biocatalyst: cellulosic isobutanol. Retrieved from
http://www.gevo.com/about/our-business/our-science-and-technology/

Granite, E.J., Freeman, M.C., Hargis, R.A., 0’dowd, W.J. & Pennline, H.W. (2007). The
thief process for mercury removal from flue gas. Journal of Environmental
Management, 84(4), 628-634.

Gray, L. (2013). Review of Control Technologies for Mercury Emissions from
Coal-Fired Power Plants (MANE 696H01). Hartford, CT, USA: Air
and Water Pollution Prevention and control. http://www.ewp.rpi.
edu/hartford/~grayl3/AWPPCE/Air/Project/A_Review_of_Control_
Technologies%20_for_Mercury_Emissions_from_Coal-Fired_Poweplants.
pdf. Accessed 5 Oct 2015.

Gray, P., Rubin, J. & Yost, N. (2015). MATS attack: Supreme Court reversal of EPA’s
Air Toxics Rule signals difficulties ahead. Dentons [Website]. http://www.
jdsupra.com/legalnews/mats-attack-supreme-court-reversal-of-78132/.
Accessed 5 Jan 2016.

Halder, P., Prokop, P.,, Chang, C. Y., Usak, M., Pietarinen, J., Havu-Nuutinen, S.,
... & Cakir, M. (2012). International survey on bioenergy knowledge,
perceptions, and attitudes among young citizens. Bioenergy research, 5(1),
247-261.

Hatcher, P.G. & Clifford, D.J. (1997). The organic geochemistry of coal: from plant
materials to coal. Organic Geochemistry, 27(5-6), 251-274. doi:http://
dx.doi.org/10.1016/S0146-6380(97)00051-X

Higson A, Smith C (2014) NNFCC: renewable chemicals factsheet: lignin. http://www.
nnfcc.co.uk/publications/nnfcc-renewable-chemicals-factsheet-lignin/
at_download/file. Accessed 16 Jun 2015.

Hsieh HF, Shannon SE (2005) Three approaches to qualitative content analysis.
Qualitative Health Research, 15(9), 1277-1288.

Hu, H., Lin, H., Zheng, W., Tomanicek, S.J., Johs, A, Feng, X. & Gu, B. (2013).
Oxidation and methylation of dissolved elemental mercury by anaerobic
bacteria. Nature Geosci, 6(9), 751-754. Retrieved from http://dx.doi.
org/10.1038/nge01894

ICM. (2012). Cellulosic ethanol [Website]. Retrieved from http://www.icminc.com/
innovation/cellulosic-ethanol.html

INEOS. (2013, July 31). INEOS Bio produces cellulosic ethanol at commercial scale.
Retrieved from http://www.ineos.com/businesses/INEOS-Bio/News/INEOS-
Bio-Produces-Cellulosic-Ethanol/

NARA

Northwest Advanced Renewables Alliance

BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT

Jouleunlimited. (2014). Solar energy, liquefied. Retrieved from
http://www.jouleunlimited.com/about-joule

Kadla, J.F., Kubo, S., Venditti, R.A., Gilbert, R.D., Compere, A.L. & Griffith, W. (2002).
Lignin-based carbon fibers for composite fiber applications. Carbon,
40(15), 2913-2920.

Kahn, S. (2014). Activated Carbon Manufacturing in the US. http://clients1.
ibisworld.com.ezaccess.libraries.psu.edu/reports/us/industry/default.
aspx?entid=4484. Accessed 15 July 2014.

Kamm, B., Kamm, M., Gruber, P. R., & Kromus, S. (2005). Biorefinery Systems - An
Overview. In B. Kamm, P. R. Gruber & M. Kamm (Eds.), Biorefineries-
Industrial Processes and Products (pp. 40): Wiley-VCH Verlag GmbH.

Kleinert M, Barth T (2008) Phenols from Lignin. Chemical Engineering & Technology,
31(5), 736-745. doi:10.1002/ceat.200800073

Lai, E. P. C. (2014). Biodiesel: Environmental friendly alternative to petrodiesel.
Journal of Petroleum & Environmental Biotechnolgy, 5(1), 1-2.

Lane, J. (2013a, October 15). SuperData. Biofuels Digest. Retrieved from
http://www.biofuelsdigest.com/bdigest/biofuels-digest-superdata/

Lane, J. (2013b, January 4). Sweetwater Energy, Ace Ethanol sign landmark
cellulosic ethanol deal. Biofuels Digest. Retrieved from http://www.
biofuelsdigest.com/bdigest/2013/01/04/sweetwater-energy-ace-ethanol-
sign-landmark-cellulosic-ethanol-deal/

Lane, J. (2014, July 24). Researchers find “Three Routes Forward for Biofuels”.
Retrieved from http://www.biofuelsdigest.com/bdigest/2014/07/24/
researchers-find-three-routes-forward-for-biofuels/

LanzaTech. (2015). Lanza Tech jet fuel platform. Retrieved from
http://www.lanzatech.com/innovation/markets/fuels/

Larson A (2015) Supreme Court Strikes Down EPA’s MATS Rule. Power [Website].
http://www.powermag.com/supreme-court-strikes-down-epas-mats-rule/.
Accessed 15 Feb 2016.

Li, S.H., Liu, S., Colmenares, J.C. &Xu, Y.J. (2016). A sustainable approach for lignin
valorization by heterogeneous photocatalysis. Green Chemistry, 3(18),
596-607.

Lora JH, Glasser WG (2002) Recent industrial applications of lignin: a sustainable
alternative to nonrenewable materials. Journal of Polymers and the
Environment, 10(1-2), 39-48.


http://www.gevo.com/about/our-business/our-science-and-technology/
http://dx.doi.org/10.1038/ngeo1894
http://dx.doi.org/10.1038/ngeo1894
http://www.icminc.com/innovation/cellulosic-ethanol.html
http://www.icminc.com/innovation/cellulosic-ethanol.html
http://www.ineos.com/businesses/INEOS-Bio/News/INEOS-Bio-Produces-Cellulosic-Ethanol/
http://www.ineos.com/businesses/INEOS-Bio/News/INEOS-Bio-Produces-Cellulosic-Ethanol/
http://www.jouleunlimited.com/about-joule
http://www.biofuelsdigest.com/bdigest/biofuels-digest-superdata/
http://www.biofuelsdigest.com/bdigest/2013/01/04/sweetwater-energy-ace-ethanol-sign-landmark-cellulosic-ethanol-deal/
http://www.biofuelsdigest.com/bdigest/2013/01/04/sweetwater-energy-ace-ethanol-sign-landmark-cellulosic-ethanol-deal/
http://www.biofuelsdigest.com/bdigest/2013/01/04/sweetwater-energy-ace-ethanol-sign-landmark-cellulosic-ethanol-deal/
http://www.biofuelsdigest.com/bdigest/2014/07/24/researchers-find-three-routes-forward-for-biofuels/
http://www.biofuelsdigest.com/bdigest/2014/07/24/researchers-find-three-routes-forward-for-biofuels/
http://www.lanzatech.com/innovation/markets/fuels/

NARA

Northwest Advanced Renewables Alliance

Mansouri, NE. El. & Salvado, J. (2006). Structural characterization of technical
lignins for the production of adhesives: Application to lignosulfonate,
kraft, soda-anthraquinone, organosolv and ethanol process lignins.
Industrial Crops and Products, 24(1), 8-16. doi:http://dx.doi.org/10.1016/j.
indcrop.2005.10.002

Marketsandmarkets.com. (2012). Activated Carbon/Charcoal/Coal Market by
Product (Powdered, Granular) & Application(Water Treatment, Air
Purification, Automotive, Food & Beverage) - Global Trends & Forecasts
t0 2016 - Table of Contents. http://www.marketsandmarkets.com/Market-
Reports/activated-carbon-362.html. Accessed 10 Jun 2015.

Marsh, H. & Reinoso, F.R. (2006) Activated Carbon. Elsevier Science and
Technology Books.

Maverick. (2015). Products. Retrieved from
http://www.mavericksynfuels.com/about-us/overview/

McCarthy, J.L. & Islam, A. (2000). Lignin chemistry, technology, and utilization: a
brief history. In ACS Symposium Series (Vol. 742, pp. 2-99). Washington, DC;
American Chemical Society; 1999.

Mendota Bioenergy. (2015). Meeting low-carbon fuel standards with California
energy beets. Retrieved from http://www.mendotabeetenergy.com/

Miller, B.G. (2011). The Chemical and Physical Characteristics of Coal BT - Clean
Coal Engineering Technology (pp. 53-68). Boston: Butterworth-Heinemann.
doi:http://dx.doi.org/10.1016/B978-1-85617-710-8.00002-9

Mohr, A., & Raman, S. (2013). Lessons from first generation biofuels and implications
for the sustainability appraisal of second generation biofuels. Energy Policy,
63,114-122.

Morrision, G.M., Witcover, J. Parker, N. & Fulton, L., (2016). Three routes forward for
biofuels: incremental, transitional, and leapfrog. Energy Policy, 88,64-73.
doi.org/10.1016/j.enpol.2015.10.014

Naik, S. N., Goud, V. V., Rout, P. K., & Dalai, A. K. (2010). Production of first and
second generation biofuels: A comprehensive review. Renewable and
Sustainable Energy Reviews, 14(2), 578-597.

National Biodiesel Board. (2015a). NBB member plant maps. Retrieved from
http://biodiesel.org/production/plants/plant-maps

National Biodiesel Board. (2015b). Production statistics. Retrieved from
http://biodiesel.org/production/production-statistics

National Institute of Food and Agriculture (NIFA). (2015, December 15). Sustainable
advanced biofuels across the United States. Retrieved from https://nifa.
usda.gov/resource/sustainable-advanced-biofuels-across-united-states

Neuhauser, A. (2015). EPA Mercury Rule for Power Plants Goes Before Supreme
Court. U.S. News & World Report. http://www.usnews.com/news/
articles/2015/03/24/epa-mercury-rule-for-power-plants-goes-before-
supreme-court. Accessed 13 May 2015.

Norberg, I. (2012). Carbon Fibres from Kraft Lignin. KTH Royal Institue of Technology.
http://www.diva-portal.org/smash/get/diva2:513032/FULLTEXT01.pdf.
Accessed 10 March 2015.

O’Brien, D. (2010). Updated trends in U.S. wet and dry corn milling production.

Pacific Ethanol. (2013, December 18). Pacific Ethanol and Sweetwater Energy
announce deal to supply customized industrial sugars to produce cellulosic
ethanol [Press Release]. Retrieved from http://www.pacificethanol.net/
archived-news/pacific-ethanol-and-sweetwater-energy-announce-deal

Pacini, H., Sanches-Pereira, A., Durleva, M., Kane, M., & Bhutani, A. (2014). The state
of the biofuels market: Regulatory, trade and development perspectives
(UNCTAD/DITC/TED/2013/8). United Nations Conference on Trade and
Development. Retrieved from http://unctad.org/en/PublicationsLibrary/
ditcted2013d8_en.pdf

Piersol, R. (2011). Abenogoa loan guarantee leading to cellulosic ethanol production
at York. Lincoln Journal Star. Retrieved from http://journalstar.com/
business/local/abengoa-loan-guarantee-leading-to-cellulosic-ethanol-
production-at-york/article_368a6d56-db5f-53d5-a753-96e95572b64d.html

POET-DSM. (2014, September 3). First commercial-scale cellulosic ethanol plantin
the U.S. opens for business. Retrieved from http://poet-dsm.com/pr/first-
commercial-scale-cellulosic-plant

PR Newswire (2013) Roskill: Activated Carbon Could See World Consumption
Double in Four Years. http://www.bloomberg.com/article/yyyy-mm-dd/
ayzaDWu4K7vs.html. Accessed 19 Oct 2013.

Quad County. (2015, April 24). About us [Website]. Retrieved from http://www.
quad-county.com/index.cfm?show=10&mid=4

Rabago, K. R. (2008). A review of barriers to biofuel market development in the
United States. Environmental & Energy Law & Policy J., 2(2), 19.

Radoti¢, K., Mici¢, M., & Jeremic, M. (2005). New Insights into the Structural
Organization of the Plant Polymer Lignin. Annals of the New York Academy
of Sciences, 1048(1), 215-229. doi:10.1196/annals.1342.020

Ragan, S. & Megonnell, N. (2011), Activated carbon from renewable resources---
Lignin. Cellulose Chemistry and Technology, 45(7), 527.

BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT


http://www.mavericksynfuels.com/about-us/overview/
http://biodiesel.org/production/plants/plant-maps
http://biodiesel.org/production/production-statistics
https://nifa.usda.gov/resource/sustainable-advanced-biofuels-across-united-states
https://nifa.usda.gov/resource/sustainable-advanced-biofuels-across-united-states
http://www.pacificethanol.net/archived-news/pacific-ethanol-and-sweetwater-energy-announce-deal
http://www.pacificethanol.net/archived-news/pacific-ethanol-and-sweetwater-energy-announce-deal
http://unctad.org/en/PublicationsLibrary/ditcted2013d8_en.pdf
http://unctad.org/en/PublicationsLibrary/ditcted2013d8_en.pdf
http://journalstar.com/business/local/abengoa-loan-guarantee-leading-to-cellulosic-ethanol-production-at-york/article_368a6d56-db5f-53d5-a753-96e95572b64d.html
http://journalstar.com/business/local/abengoa-loan-guarantee-leading-to-cellulosic-ethanol-production-at-york/article_368a6d56-db5f-53d5-a753-96e95572b64d.html
http://journalstar.com/business/local/abengoa-loan-guarantee-leading-to-cellulosic-ethanol-production-at-york/article_368a6d56-db5f-53d5-a753-96e95572b64d.html
http://poet-dsm.com/pr/first-commercial-scale-cellulosic-plant
http://poet-dsm.com/pr/first-commercial-scale-cellulosic-plant
http://www.quad-county.com/index.cfm?show=10&mid=4
http://www.quad-county.com/index.cfm?show=10&mid=4

NARA

Northwest Advanced Renewables Alliance

Ragauskas, A.J., Beckham, GT., Biddy, M.J., Chandra, R., Chen, F., Davis, M.F. &
Wyman, C.E. (2014). Lignin valorization: improving lignin processing in
the biorefinery. Science (New York, N.Y.), 344(6185), 1246843. d0i:10.1126/
science.1246843

Ray, R. (2015). What You Need to Know About the Clean Power Plan. Power
Engineering [Website]. http://www.power-eng.com/blogs/power-
points/2015/09/what_you_need_tokno.html. Accessed 15 Feb 2016.

RedRock. (2015). Advanced renewable biofuels. Retrieved from
http://www.redrockbio.com/

Reitenbach, G. (2014). Supreme Court Agrees to Consider MATS Case. Power
[Website]. http://www.powermag.com/supreme-court-agrees-to-consider-
mats-case/. Accessed 15 Feb 2016.

Renewable Fuels Association. (2014). Falling walls & rising tides: 2014 ethanol
industry outlook. Washington DC. Retrieved from
http://www.cornlp.com/Adobe/outlook2014.pdf

Renewable Fuels Association. (2015, November 13). Ethanol biorefinery locations.
Retrieved from http://www.ethanolrfa.org/resources/biorefinery-locations/

Renewable Fuels Association. (2016a). Economy [Website]. Retrieved from
http://www.ethanolrfa.org/issues/economy/

Renewable Fuels Association. (2016b). Industry statistics: Annual U.S. fuel ethanol
production. Retrieved from http://www.ethanolrfa.org/resources/
industry/statistics/#1454099788442-e48h2782-ea53

Renewable Fuels Association. (2016c). Issues: Agriculture. Retrieved from
http://www.ethanolrfa.org/issues/agriculture/

Sannigrahi, P., Pu, Y. & Ragauskas, A. (2010). Cellulosic biorefineries—unleashing
lignin opportunities. Current Opinion in Environmental Sustainability, 2(5-6),
383-393. d0i:10.1016/j.cosust.2010.09.004

Sapphire. (2014, 2014). What is green crude? Retrieved from
http://www.sapphireenergy.com/green-crude

Savage, N. (2011). Fuel options: the ideal biofuel. Nature, 474(7352), S9-S11.

Sims, R. E., Taylor, M., Saddler, J., & Mabee, W. (2008). From 1st-to 2nd-generation
biofuel technologies: An overview of current industry and RD&D activities.
International Energy Agency. Retrieved from https://www.iea.org/
publications/freepublications/publication/2ndBiofuel_Gen.pdf.

Sjostrom, S., Durham, M., Bustard, C.J. & Martin, C. (2010), Activated carbon
injection for mercury control: Overview. Fuel, 89(6), 1320-1322. doi:
http://dx.doi.org/10.1016/j.fuel.2009.11.016

Sjostrom, S.M. (2014). Activated Carbon Injection, in Mercury Control: for Coal-
Derived Gas Streams. In E. Granite, H. Pennline, & C. Senior (Eds.),
Mercury Control (pp. 293-310). Wiley-VCH Verlag GmbH & Co. KGaA.
d0i:10.1002/9783527658787.ch18

Smolarski, N. (2012). High-Value Opportunities for Lignin: Unlocking its Potential.
http://www.frost.com/sublib/display-market-insight-top.do?id=269017995.
Accessed 10 Sep 2015.

Solazyme. (2014). Renewable fuels for the future. Retrieved from
http://solazyme.com/solutions/fuel/?lang=en

Solomon, B. D., Barnes, J. R., & Halvorsen, K. E. (2007). Grain and cellulosic ethanol:
History, economics, and energy policy. Biomass and Bioenergy, 31(6),
416-425.

Stemler, S. (2001). An overview of content analysis. Practical Assessment, Research &
Evaluation, 7(17), 137-146.

Strassberger, Z., Tanase, S. & Rothenberg, G. (2014). The pros and cons of lignin
valorisation in an integrated biorefinery. RSC Advances, 4(48), 25310-25318.

Strivastava, R. (2005). Control of Mercury Emissions from Coal-fired Electric Utility
Boilers: A Update. National Risk Management Research Laboratory, Office
of Research and Development, US Environmental Protection Agency.
http://www3.epa.gov/airtoxics/utility/ord_whtpaper_hgcontroltech_oar-
2002-0056-6141.pdf. Accessed 5 Dec 2015.

Sundropfuels. (2015). Renewable advanced biofuels. Retrieved from
http://www.sundropfuels.com/Benefits/renewable-biofuels

Suhas, Carrott, P.J.M., Carrott, M.M.L. R. (2007). Lignin -- from natural adsorbent
to activated carbon: A review. Bioresource Technology, 98(12), 2301-2312.
doi:http://dx.doi.org/10.1016/j.biortech.2006.08.008

Sweetwater Energy. (2013, January 16). Second cellulosic ethanol deal announced:
Sweetwater Energy and Front Range Energy sign 15-year, $100 million
deal [Press Release]. Retrieved from http://www.sweetwater.us/second-
cellulosic-ethanol-deal-announced-sweetwater-energy-and-front-range-
energy-sign-15-year-100-million-deal/

SynTerra. (2012). Technology. Retrieved from
http://www.synterraenergy.com/technology/

Terrabon. (2008). MixAlco overview. Retrieved from
http://www.terrabon.com/mixalco_overview.html

Tewalt, S.J., Bragg, L.J., Finkelman, R.B. (2001). Mercury in US coal; abundance,
distribution, and modes of occurrence (No. 095-01).

BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT


http://www.redrockbio.com/
http://www.cornlp.com/Adobe/outlook2014.pdf
http://www.ethanolrfa.org/issues/economy/
http://www.ethanolrfa.org/issues/agriculture/
http://www.sapphireenergy.com/green-crude
https://www.iea.org/publications/freepublications/publication/2nd_Biofuel_Gen.pdf
https://www.iea.org/publications/freepublications/publication/2nd_Biofuel_Gen.pdf
http://solazyme.com/solutions/fuel/?lang=en
http://www.sundropfuels.com/Benefits/renewable-biofuels
http://www.sweetwater.us/second-cellulosic-ethanol-deal-announced-sweetwater-energy-and-front-range-energy-sign-15-year-100-million-deal/
http://www.sweetwater.us/second-cellulosic-ethanol-deal-announced-sweetwater-energy-and-front-range-energy-sign-15-year-100-million-deal/
http://www.sweetwater.us/second-cellulosic-ethanol-deal-announced-sweetwater-energy-and-front-range-energy-sign-15-year-100-million-deal/
http://www.synterraenergy.com/technology/
http://www.terrabon.com/mixalco_overview.html

NARA

Northwest Advanced Renewables Alliance

Tillman, D. (1985). Forest Products: Advanced Technologies and Economic Analysis.
Academic Press, Orlando.

Toole-O’Neil, B., Tewalt, S.J., Finkelman, R.B., Akers, D.J. (1999). Mercury
concentration in coal—unraveling the puzzle. Fuel, 78(1), 47-54. doi:
http://dx.doi.org/10.1016/S0016-2361(98)00112-4

Topsoe. (2015). Gasoline synthesis. Retrieved from
http://www.topsoe.com/processes/gasoline-synthesis

Ulaga, W., & Eggert, A. (2005). Relationship Value in Business Markets: The Construct

and Its Dimensions. Journal of Business-to-Business Marketing, 12(1), 73-99.

d0i:10.1300/J033v12n01_04

United Nations. (2016). Second generation biofuel markets: State of play, trade and
developing country perspectives. United Nations Conference on Trade and
Development.

Urbanchuk, J. (2010). Current state of the U.S. ethanol industry. Available from
Department of Energy New Castle, DE. Retrieved from http://www1.eere.
energy.gov/bioenergy/pdfs/current_state_of_the_us_ethanol_industry.pdf

Virent. (2015). Products. Retrieved from http://www.virent.com/products/

Vishtal, A. G., & Kraslawski, A. (2011). Challenges in industrial applications of
technical lignins. BioResources, 6(3), 3547-3568.Virent. (2015). Products.
Retrieved from http://www.virent.com/products/

Zaimes, G. G., Vora, N., Chopra, S. S., Landis, A. E., & Khanna, V. (2015). Design
of sustainable biofuel processes and supply chains: challenges and
opportunities. Processes, 3(3), 634-663. doi: 10.3990/pr3030634

Zakzeski, J., Bruijnincx, P. C. A., Jongerius, A. L. & Weckhuysen, B. M. (2010). The
catalytic valorization of lignin for the production of renewable chemicals.
Chemical Reviews, 110(6), 3552-3599.

ZeaChem completes construction of cellulosic ethanol biorefinery [Press Release].
Retrieved from http://www.zeachem.com/press-releases/2015/4/8/
zeachem-completes-construction-of-cellulosic-ethanol-biorefinery

Ziegler, J. (2008). Report of the special rapporteur on the right to food (Report A/
HRC/7/5 to Human Rights Council, 7" session, Agenda item 3). Geneva,
Switzerland.

Zykov, A.M., Anichkov, L.G., Korshevets, L.K., Strel’tsova, E.D. & Leonova, Y. (2014).
Mercury Emissions Capture Efficiency with Activated Carbon Injection
at a Russian Coal-Fired Thermal Power Plant. http://www.unep.org/
chemicalsandwaste/Portals/9/Mercury/Documents/coal/Report JOINT
Demo-Cherepetskaya FINAL.pdf. Accessed 13 March 2015.

BIOREFINERY VALUE CHAIN OUTPUTS | FINAL REPORT


http://www.topsoe.com/processes/gasoline-synthesis
http://www1.eere.energy.gov/bioenergy/pdfs/current_state_of_the_us_ethanol_industry.pdf
http://www1.eere.energy.gov/bioenergy/pdfs/current_state_of_the_us_ethanol_industry.pdf
http://www.virent.com/products/
http://www.virent.com/products/
http://www.zeachem.com/press-releases/2015/4/8/zeachem-completes-construction-of-cellulosic-ethanol-biorefinery
http://www.zeachem.com/press-releases/2015/4/8/zeachem-completes-construction-of-cellulosic-ethanol-biorefinery

