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Goal/Objective Statement
 MSU pyrolysis/syngas program goals:

— Develop hydrocarbon and biodiesel fuels from raw bio-oil
produced from southern pine and agricultural products and

residues; develop auger reactor designs that can provide
test quantities of raw bio-oil; test designs at pilot plant scale

— Develop technologies for biomass gasification and catalytic
conversion of cleaned syngas to hydrocarbon biofuels. This
is accomplished through the design and optimization of
syngas-to-hydrocarbons pilot plant, including biomass
gasification, syngas cleanup, syngas upgrading as well as
new catalyst material development.

 The MSU pyrolysis/syngas program goals support the
development of technologies for conversion of forest
resources into cost-competitive liquid fuels, such as
renewable gasoline, jet fuel and diesel. Technologies to

be tested at laboratory (and pilot scale in FY14).



Project Quad Chart Overview

Timeline
*Project start date: June 1, 2006
*Project end date: June 30, 2014
*Percent complete:
SERC phase |: 100%
SERC phase Il: 100%

SERC phase Ill: 90%
SERC phase IV: 40%

Budget

Total project funding
- DOE share: $15,587,449
- Contractor share: $4,414,254

Funding received in FY 2011 (DOE & cost share):

$4,597,536
Funding in FY 2012 (DOE & cost share):
$4,922,748

ARRA Funding: $0

Years the project has been funded & average
annual funding: 8 years, $2,500,213 (DOE & cost
share)

Barriers
Barriers addressed
Pyrolysis
— Tt-A Feeding dry biomass
— TT-G Fuel synthesis and
upgrading
Syngas
— Tt.-F. Syngas Cleanup and
Conditioning
— Tt-G. Fuels Catalyst Development

Partners & Roles
Pyrolysis
*Piedmont Bio-Products: licensee
Syngas
*MS Choctaw Lignite LLC.
*Harrelson & Associates



Project Overview
Pyrolysis

Key unit operations:

1) Bio-aill
production

2) Hydrotreating

Technical barriers:
1)Tt-E Pyrolysis of
biomass




Project Overview
Syngas

Key unit operations: '
1) Bio-syngas
cleaning

2) Bio-syngas
conversion

Technical barriers:
1) Tt.-F. Syngas
Cleanup and
Conditioning
2) Tt-G. Fuels

Catalyst
Development




1 - Approach
Pyrolysis

The approach is to produce high quality bio-oil with a
novel design auger reactor and test design at pilot plant
scale; the bio-oil is dexoxygenated in a first stage with
pressurized hydrogen ; this first stage can be utilized as a
boiler fuel or hydrocracked to produce a hydrocarbon
mixture comprised of (by simulated dist.) 55% gasoline,
30% jet fuel, 15% diesel. The research has also
iInvestigated hydrotreating with a low hydrogen gas which is
estimated to conserve more than 60% of the hydrogen
normally utilized during the deoxygenation stage.



1 - Approach
Syngas

The approach is to develop a pilot scale continuous
process including catalyst preparation, gasification, syngas
cleaning, and Fischer—Tropsch synthesis (FTS). Multi-
functional catalysts are designed and tested for catalytic
converting cleaned bio-syngas to biofuels. The activities,
selectivity, stability, and life-time of the catalyst will be

evaluated.
Pyrolysis and Syngas

This project has also utilized go/No-Go decision points
numerous times as some projects were terminated for lack
of results. We utilized technical metrics that ranged from in-
depth to cursory. This depended on the stage and
perceived future success of the project.



2 - Technical Accomplishments/

Progress/Results
Pyrolysis

 Design and fabrication of a 4-ton per day pyrolysis
reactor (Pat. Pend.) with biomass processing
equipment




2 - Technical Accomplishments/

Progress/Results
Pyrolysis

Partial deoxygenation via low hydrogen consumption

Acid value 98.0
HHV, MJ/kg 16.1
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2 - Technical Accomplishments/
Progress/Results
Pyrolysis

* Full deoxygenation to produce mixed hydrocarbons with
zero oxygen, acid value and water.

Acid value 98.0 <0.1 0
HHV, MJ/kg 16.1 43.0 45.8
Water, % 30.6 0.5 0 HYDROCARY
C,% 36.2 86.2 85.1
H,% 7.8 12.1 12.2
N, % 0.03 0.01 0

0,% 56.0 1.5 0




2 - Technical Accomplishments/

Progress/Results
Pyrolysis

« Simulated distillation showing the petroleum equivalent
components of the mixed hydrocarbons produced by full

deoxygenation.
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2 - Technical Accomplishments/

Progress/Results (cont’d)
Pyrolysis

Projects related to pilot plant production of bio-oil and
fuels production:

— Design and testing of a laboratory scale catalytic continuous
packed bed and fluidized bed reactor for hydrotreating and
hydrocracking

Projects completed at this time:

— Increase and utilization of anhydrosugars by spray method in
the pyrolysis reactor. Project is complete, patent is pending.

— Olefination/esterification of bio-oil to produce a high energy
boiler fuel. Project complete and patent pending.

— Produce hydroxymethyl furfural from maximized bio-oil
anhydrosugars. Project complete.
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2 - Technical Accomplishments/
Progress/Results
Syngas

« Development of both lab scale and pilot scale bio-
syngas cleaning system to remove tar, oxygen,
ammonia, and sulfur etc.

5 REE SR A\ e —
Impurities identified from bio-syngas before and after cleaning

Components Tar Oxygen NH, H,S + COS

Before Cleaning |500-3000 ppm |0.1~2% 200-1000 200-400 ppm

After Cleaning <1ppm <0.1ppm <1ppm <1ppb
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2 - Technical Accomplishments/

Progress/Results
Syngas

 After bio-syngas cleaning, the selected catalyst showed better
life time and stability.
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Time on stream of CO conversion, light hydrocarbon and liquid product
selectivity on the catalyst at 260°C, 1000 psig, 3000 h-! with raw and
cleaned bio-syngas. 14



2 - Technical Accomplishments/

Progress/Results
Syngas

Design and fabrication of a 1-gallon liquid hydrocarbon
per day Pilot scale F T reactor.

| : \ :
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2 - Technical Accomplishments/
Progress/Results
Syngas

« Development of a route to a Jet fuel sample with bio-
syngas catalytic conversion.

Properties Syncrude |Distilled fuel | Jet Fuel A
Average Molecular 125.50 137.98 140.65
Weight

Relative Density 0.804 0.810 0.815
Reid Vapor Pressure @ |0.55 0.16 0.04
100°F(37.8 °C)

Percent Carbon 86.58 86.61 86.95
Percent Hydrogen 13.29 13.36 13.05
Bromine Number (Calc) [26.16 6.12 3.18

Total Oxygen Content [0.12 0.025 0.0044
(mass %)

Freeze point (°C) -28.5 -37 -40 16




2 - Technical Accomplishments/
Progress/Results
Syngas

* Development of a route to a wide-cut diesel sample with
bio-syngas catalytic conversion.

Properties Distilled fuel No. 2 Diesel
840 845
95 75
183.6 184.5
0.015 -

177-355 188-345
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2 - Technical Accomplishments/

Progress/Results (cont’d)
Syngas

* Projects related to pilot plant production of biofuels via
syngas route:
— Design and testing of bio-syngas purification system

— Optimize the catalytic process conditions to account for the
effects of impurities in the bio-syngas

— Complete the process design and economic analysis

* Projects completed at this time:

— Both pilot scale bio-syngas purification system and pilot scale
catalytic conversion system were designed, fabricated and
installed. Project complete.

— Several multi-functional catalysts were screened and chosen for
bio-syngas conversion into wide-cut diesel and jet fuel
hydrocarbons in lab scale FT reactors. Project complete, 18
provisional patent filed.



3 - Relevance

* The novel auger pyrolysis technology and the capability
to reduce hydrogen costs during hydrotreating
contributed to the platform goal of increasing the cost
competiveness of bio-oil fuels.

* The novel bio-syngas based catalytic conversion
technology to produce wide-cut diesel and jet fuel range
hydrocarbons contributed to the platform goal of
iIncreasing the cost competiveness of bio-fuels.

* The project is highly cognizant of the need to
commercialize less costly pathways to biofuels from bio-
pyrolysis oil and syngas.
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4 - Critical Success Factors

Technical: Production of fungible hydrocarbons equivalent to
petroleum fuels;

Market/business: Biofuels must be produced at a cost that is
competitive

Challenges to pyrolysis route: 1) Optimize the low hydrogen
approach to boiler fuel and fungible hydrocarbons production; 2)
Minimize catalyst costs and maximize yield of the low hydrogen
approach to assure commercial success.

Significant reduction of hydrogen cost for hydroprocessing will
advance the technology of deoxgenation and greatly reduce the
cost of production of fuels from bio-oil.

Challenges to syngas route: 1) Improve the lifetime and stability of
the catalysts from bio-syngas; 2) Demonstrate high conversion
yields and high selectivity at pilot scale; and 3) Reduce costs
through process integration.
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5. Future Work

Pyrolysis

« MSU pyrolysis pilot plant will be completed; low
hydrogen approach will be optimized and a low-cost

catalyst will be developed.

Complete Quarter 1 Quarter 2 Quarter 3 Quarter 4
pilot plant

Optimize | >
pyrolyzer bio-
oil production

Complete

biomass >
processing

system

Produce bio-

fuelsin 4.5 | >
gal stirred

reactor

Testing and

analysis of | >

fuels for 21
fungibility




5. Future Work
Syngas

« MSU syngas pilot plant will be completed and tested; the
economic analysis will be performed using the data from
the pilot-scale process.

Complete pilot plant Quarter 1 Quarter 2 Quarter 3 Quarter 4
Complete pilot plant via syngas ! >
route
Test selected catalysts in the : >

pilot bio-syngas cleaning reactor

Test selected catalysts in the | >
pilot FT reactor

Perform the economic analysis | >
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Summary

Relevance: Addresses barrier Tt-E to produce high quality bio-oil
and produce biofuels at competitive cost. Addresses barrier Tt-F
and Tt-G to produce biofuels from biosyngas.

Approach: Laboratory scale and pilot scale production of bio-oil,
syngas and biofuels.

Technical accomplishments: Four projects completed; 4-ton per
day pyrolysis reactor being optimized for bio-oil production; low
hydrogen bio-oil successfully produces boiler fuel and
hydrocarbons; both pilot scale bio-syngas purification system and
pilot scale catalytic conversion system were installed. Several multi-
functional catalysts were screened and chosen for bio-syngas
conversion into biofuels.

Future work: Completion of pilot plant; production of biofuels at
pilot plant scale.

Success factors and challenges: Bio-oil and biofuels produced at
commercially viable cost.

TT: Patents and numerous papers have presented this worktoa 4
wide audience.



Additional Slides
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Responses to Previous Reviewers’
Comments

Reviewer: The scope and approach of the project is quite wide.

Response: Researchers have responded by limiting their projects to

only those relevant to the pilot plant activity of producing lower cost
bio-oil and biofuels.

Reviewer: Lack description of their technical approach.

Response: The lack of description was related to our patenting
program. DOE instructions are not to mention patentable technology
approaches.

Reviewer: MSU appears to be doing quality research but | would like
to see better coordination with the TC platform.

Response: MSU is attempting to solve the barriers defined in TC
platform Tt-E: Improvement in bio-oil quality and catalytic production
of fuels from bio-oil. MSU has collaborated with PNNL in catalyst
design and with INL in feedstock production.

25



Publications and Presentations

PUBLICATIONS:

*Mohan, D., C. U. Pittman and P. H. Steele. 2006. Single, binary and multi-component adsorption of copper and
cadmium from aqueous solutions on Kraft lignin — a biosorbent. J. of Coloid and Interface Science, Issue 297, p 489-
504.

*Mohan, D., C. U. Pittman and P. H. Steele. 2006. Pyrolysis of wood/biomass for bio-oil: a critical review. Energy and
Fuels 20(3):848-889.

*Steele, P. H., B. K. Mitchell and J. E. Cooper. 2007. Bundled slash: a potential new biomass resource for fuels and
chemicals. In Proc. of the 29t Symposium on Biotechnology for Fuels and Chemicals. April 29-May2, Denver, CO.
Society of Industrial Microbiology.

*Zhang, J., H. Toghiani, D. Mohan, C.U. Pittman, Jr. and R.K. Toghiani. 2007. Product analysis and thermodynamic
simulations from the pyrolysis of several biomass feedstocks. Energy Fuels 21:2372-2385.

sIngram, L.L., D. Mohan, P. Steele, D. Strobel, B. Mitchell, J. Mohammad, K. Cantrell, and C.U. Pittman, Jr. 2008.
Pyrolysis of wood and bark in an auger reactor: Physical properties and chemical analysis of the produced bio-oils.
Energy and Fuels 22(1): 614-625.

*Mitchell, B.K., L.L. Ingram, J.A. Soria, P.H. Steele and D. Strobel. 2008. Chemical and physical characteristics of bio-
oils from pine and oak feed stocks. In Proc. of Woody Biomass Utilization: Challenges and Opportunities. 60% Int'l
Meeting of the Forest Products Research Society. June 25-27, Newport Beach, CA. Forest Products Society, Madison,
WI. 103 p.

*Yu, F., R. Ruan, P.H. Steele. 2008. Consecutive reaction model for the pyrolysis of corn cob. Transactions of the
American Society of Agricultural and Biological Engineers. Vol. 51(3): 1023-1028.

*Yu, F., E.M. Hassan, L.L. Ingram, Jr., P.H. Steele. 2008. Esterification of bio-oils in the presence of sulfated iron oxide
catalyst. In Proc. of American Chemical Society, Division of Fuel Chemistry 53(2):859-860.

*Bhattacharya, P., P.H. Steele, E.M. Hassan, B. Mitchell, L. Ingram, and C.U. Pittman, Jr. 2009. Wood/plastic
copyrolysis in an auger reactor: Chemical and physical analysis of the products. Fuel 88:1251-1260.

*Hassan, E.M., P.H. Steele, and L.L. Ingram, Jr. 2009. Characterization of fast pyrolysis bio-oils produced from
pretreated pine wood. Applied Biochemistry and Biotechnology 154:182-192.

26



Hassan, El Barbary M., Fei Yu, Leonard Ingram and Philip H. Steele. 2009. The potential use of whole-tree
biomass for bio-oil fuels. Energy Sources, Part A, 31:1829-1839.

Steele, P., S. Gajjela, F. Yu, G. Gresham. 2009. Hydrocarbon production via biomass pyrolysis and
hydrodeoxygenation. In Proc. of Clean Technology Conference & Expo 2009. May 3-7. Houston, TX. pp. 82-85.
Sukhbaatar, B., P.H. Steele, L.L. Ingram and M.G. Kim. 2009. An exploratory study on the removal of acetic and
formic acids from bio-oil. BioResources 4(4):1319-1329.

Sukhbaatar, B., P.H. Steele and M.G. Kim. 2009. Use of lignin separated from bio-oil in oriented strand board
binder phenol-formaldehyde resins. BioResources 4(2):789-804.

Tripathi, M.M., E.M. Hassan, F.Y. Yueh, J.P. Singh, P.H. Steele, and L.L. Ingram, Jr. 2009. Reflection-
absorption based near infrared spectroscopy for predicting water content in bio-oil. Sensors and Actuators B:
Chemical 136(1):20-25.

Yang, X-L., C.U. Pittman, Jr., X-F. Zhu. 2009. Model reactions with olefins for bio-oil upgrading over solid acid
catalysts. Accepted in Chemical Journal of Chinese Universities.

Yu, F., R. Ruan and P. Steele. 2009. Microwave pyrolysis of corn stover. American Society of Agricultural and
Biological Engineers Vol. 52(5):1595-1601.

Bhattacharya, P., E.B. Hassan, P.H. Steele, J. Cooper, and L.L. Ingram, Jr. 2010. Effect of acid catalysts and
accelerated aging on the reaction of methanol with hydroxy-acetaldehyde in bio-oil. BioResources 5(2):908-919.
Patton, Richard, Philip Steele and Fei Yu. 2010. Coal vs. charcoal-fueled diesel engines: A review. Energy
Sources, Part A, 32:315-322.

Tripathi, M.M., E.M. Hassan, F. Yueh, J.P. Singh, P.H. Steele. 2010. Study of the effect of ultraviolet exposure on
bio-oil by laser-induced fluorescence spectroscopy. Energy Fuels 24:6187-6192.

Yang, X-L., S. Chatterjee, Z-J. Zhang, X-F. Zhu and C.U. Pittman, Jr. 2010. Reactions of phenol, water, acetic
acid, methanol and 2-hydroxymethyl-furan with olefins as models for bio-oil upgrading. Industrial and Engineering
Chemistry Research 49:2003-2013.

Zhang, Z., X. Yang, Q. Wang and C. U. Pittman, Jr. 2010. Upgrading bio-oil by additions across olefins over solid
acid catalysts. In Proc. of the Conference on China’s Technological Development of Renewable Energy Sources.
Vol 1: 381-386. Scientific Research Publishing, USA, ISBN: 978-1935068-51-8.

27



Zhang, Z., Q-W. Wang, X-L. Yang, S. Chatterjee, and C.U. Pittman, Jr. 2010. Sulfonic acid resin-catalyzed
addition of phenols, carboxylic acids and water to olefins: Model reactions for catalytic upgrading of bio-oil.
Bioresource Technology 101:3685-3695.

Badger, P., S. Badger, M. Puettmann, P. Steele and J. Cooper. 2011. Techno-economic analysis: Preliminary
assessment of pyrolysis oil production costs and material energy balance associated with a transportable fast
pyrolysis system. BioResources 6(1):34-47.

Gajjela, S.K., P.H. Steele, E.M. Hassan, B.K. Mitchell. 2011. Production of hydrocarbons via catalytic
hydroprocessing of giant miscanthus bio-oil. In Proc. of American Chemical Society, Division of Fuel Chemistry
56(1):24-26.

Gajjela, Sanjeev K., E.B.M. Hassan, B. Mitchell, and P.H. Steele. 2011. Hydrocarbons from woody biomass. In
Woody Biomass Ultilization: Proceedings of the International Conference on Woody Biomass Utilization, Starkville,
MS, August 4-5. 2009. Edited by John R. Shelly (Madison, WI. Forest Products Society), pp.23 — 30. ISBN-
13:978-1-892529-60-2.

Lippke, Bruce, R. Gustafson, R. Venditti, T. Volk, E. Oneil, L. Johnson, M. Puettmann, P.H. Steele. 2011.
Sustainable biofuel contributions to carbon mitigation and energy independence. Forests (2):861-874.

Mao, A., S.Q. Shi, P.H. Steele. 2011. Flakeboard bonded with PMDI/bio-oil adhesive systems. Forest Products
Journal 61(3):240-245.

Steele, Philip H., F. Yu, and S. K. Gajjela. 2011. Past, present, and future production of bio-oil. In Proc. of
International Conference on Woody Biomass Utilization, Starkville, MS, August 4-5. 2009. Edited by John R.
Shelly (Madison, WI. Forest Products Society), pp.17-22. ISBN-13:978-1-892529-60-2.

Wang, H., Srinivasan, R., Yu, F., Steele, P., Li, Q., and Mitchell, B. 2011. Effect of acid, alkali and steam
explosion pretreatments on characteristics of bio-oil produced from pinewood. Energy and Fuels. 25:3758-3764.

Zhang, Z., Q. Wang, P. Tripathi, C.U. Pittman, Jr. 2011. Catalytic upgrading of bio-oil using 1-octene and 1-
butanol over sulfonic acid resin catalysts. Green Chemistry. 13:940-949.

Street, J. and F. Yu. 2011. Production of high-value products including gasoline hydrocarbons from
thermochemical conversion of syngas. Biofuels 2(6):677-691.

Yan, Q., H. Toghiani, F. Yu, Z. Cai, and J. Zhang. 2011. Effects of Pyrolysis Conditions on Yield of Bio-chars from
Pine Chips. Forest Prod. J. 61(5):367-371.

28



Naske, C.D., P. Polk, P.Z. Wynne, J. Speed, W.E. Holmes, K.B. Walters. 2012. Postcondensation filtration of pine
and cottonwood pyrolysis oil and impacts on accelerated aging reactions. Energy & Fuels 26(2):1284-1297, DOI:
10.1021/ef200541d.

Pittman, C., D. Mohan, A. Eseyin, Q. Li, L.L. Ingram, Jr., E.M. Hassan, B.K. Mitchell, H. Guo, P.H. Steele. 2012.
Characterization of bio-oils produced from fast pyrolysis of corn stalks in an auger reactor. Energy and Fuels.
26:3816-3825.

Srinivasan, R., P.H. Steele, Q. Li, F. Yu, B.K. Mitchell. 2012. Effect of acid, steam explosion and size reduction
pretreatments on bio-oil production from sweetgum, switchgrass and corn stover. Applied Biochemistry and
Biotechnology. 167(2):285-297.

Steele, P.H., D.R. Parish, J.E. Cooper. 2012. Demonstration results from greenhouse heating with liquefied wood.
SNA Research Conference Proceedings 56:421-428. January 20-21, 2011. Mobile, AL.

Wang, H., R. Srinivasan, F. Yu, P. Steele, Q. Li, B. Mitchell, A. Samala. 2012. Effect of acid, steam explosion
and size reduction pretreatments on bio-oil production from sweetgum, switchgrass and corn stover. Applied
Biochemistry and Biotechnology. 167:285-297.

Yan, Q., F. Yu, Z. Cai, and J. Zhang. 2012. Catalytic upgrading nitrogen-riched wood syngas to liquid hydrocarbon
mixture over a Fe—Pd/ZSM-5 catalyst. Biomass and Bioenergy. 47: 469-473

Yan, Q., F. Yu, J. Liu, J. Street, J. Gao, Z. Cai, and J. Zhang. 2012. Catalytic Conversion Wood Syngas to
Synthetic Aviation Turbine Fuels over A Multifunctional Catalyst. Bioresource Technology.127:281-290

Wang, H., D. Livingston, R. Srinivasan, Q. Li, P. Steele, and F. Yu. 2012. Detoxification and fermentation of
pyrolytic sugar for ethanol production. Applied Biochemistry and Biotechnology. 168:1568—-1583

Hu, J., F. Yu, and Y. Lu. 2012. Application of Fischer-Tropsch Synthesis in Biomass to Liquid Conversion.
Catalysts. 2:303-326

Kim, H., P. B. Parajuli, F. Yu, E. P. Columbus, and W. D. Batchelor. 2012. Economic Evaluation of Syngas
Production: Model Development and Analysis. Transactions of the ASABE. 55(3): 1033-1045

Street, J., F. Yu, J. Warnock, J. Wooten, and M. G. White. 2012. Design and testing of a labview controlled
catalytic packed-bed reactor system for production of hydrocarbon fuels. Transactions of the ASABE. 55(3): 1047-
1055

Lu, Y., F. Yu, J. Hu, and J. Liu. 2012. Catalytic conversion of syngas to mixed alcohols over Zn-Mn promoted Cu-
Fe based catalyst. Applied Catalysis A, General. 429-430:48-58

29


http://pubs.acs.org/doi/abs/10.1021/ef200541d

Street, J., F. Yu, J. Wooten, E. Columbus, M. White, and J. Warnock. 2012. Gasoline-range hydrocarbon
production using biomass derived synthesis gas over Mo/H+ZSM-5. Fuel. 96:239-249.

Abouyousef, H., E.M. Hassan, P.H. Steele. 2013. Rapid conversion of cellulose to 5-hydroxymethylfurfural using
single and combined metal chloride catalysts in ionic liquid. Journal of Fuel Chemistry and Technology.
41(2):214-222.

Bhattacharya, P., K. Penmetsa, P.H. Steele, B.K. Mitchell. 2013. Production of bio-energy feedstocks from forest
understory vegetation. Journal of Forest Products and Industries. 2(1):47-57.

Hassan, E.M., H. Abouyousef, P.H. Steele. 2013. Increasing the efficiency of fast pyrolysis process through
sugar yield maximization and separation from aqueous fraction bio-oil. Fuel Processing Technology. 110:65-72.

Li, Q., P.H. Steele, B.K. Mitchell, L.L. Ingram, Jr., F. Yu. 2013. The addition of water to extract maximum
levoglucosan from the bio-oil produced via fast pyrolysis of pretreated loblolly pinewood. BioResources.
8(2):1868-1880.

Li, Q., P.H. Steele, F. Yu, B.K. Mitchell, E.M. Hassan. 2013. Pyrolytic spray increases levoglucosan production
during fast pyrolysis. Journal of Analytical and Applied Pyrolysis. 100:33-40.

Steele, P.H., D.R. Parish, J.E. Cooper. 2013. Demonstration results from greenhouse heating with bio-oil.
Technical Note: Forest Products Journal. 62(6):474-479.

Steele, P.H., M. Puettmann, K. Penmetsa, J.E. Cooper. 2013. Life cycle assessment of pyrolysis bio-oil
production. Forest Products Journal. 62(4):326-334.

Gu, M., Q. Li, P.H. Steele, G. Niu, and F. Yu. 2013. Growth of ‘Fireworks’ gomphrena grown in substrates
amended with biochar. Journal of Food, Agriculture & Environment. 11(1):819-821.

CONFERENCE PRESENTATIONS:

Ingram, L., P. H. Steele, D. Strobel, and B. Mitchell. 2006. Characterization and analysis of bio-oils produced with
wood and bark feed stocks using an auger fed reactor. Mississippi Biomass Council 51" Annual Southern Bio-
Products Conference. April 3-4. Pearl River Resort, Choctaw, MS.

Ingram, L. and P. H. Steele. 2006. Wood-based bio-oil for fuel. SmallWood 2006. May 16-18, Richmond, VA.
Forest Products Society, Madison, WI.

30



Steele, P. H. 2006. Current and future products from pyrolysis oils. 2006 Bioenergy and Wood Products
Conference. March 14-16. Denver, CO. Society of Industrial Mycology.

Mitchell, B.K., P.H. Steele, J.E. Cooper, S. Arora. 2007. Components and aging characteristics of bundled
southern pine slash. Arkansas Forum on the Productivity of the John Deere Slash Bundler. School of Forest
Resources, University of Arkansas at Monticello. May 15. Monticello, AR.

Steele, P. H., B. K. Mitchell and J. E. Cooper. 2007. Bundled slash: a potential new biomass resource for fuels
and chemicals. 29t Symposium on Biotechnology for Fuels and Chemicals. April 29-May 2, Denver, CO. Society
of Industrial Microbiology.

Steele, P.H., B.K. Mitchell and S. Arora. 2007. Yield, composition, curing and pyrolysis of bundled southern pine
harvesting slash. Wood Biomass Technical Interest Group: Utilization Challenges and Opportunities. June 10-13,
Knoxville, TN. 615t International Forest Products Society Convention.

Toghiani, R.K., A.K. Sekar, P. Steele. 2007. Improvement of bio-oil stability. Forest Products Biorefineries |l
session at the 2007 AIChE Annual Conference, Salt Lake City, UT, November 4-9, 2007.

Bricka, M. 2008. Design of a laboratory-scale pyrolysis system for evaluating the recycle potential of CCA-treated
wood waste. 1t Energy Synergy Workshop, Mississippi State University, Starkville, MS, June 17.

Steele, P.H., E.M. Hassan, F. Yu, B.K. Mitchell, L.L. Ingram, Jr. 2008. The potential for whole-tree utilization for
bio-oil production. 62" Int’| Forest Products Society International Convention. June 22-24. St. Louis, MO.

Steele, P.H. and B. Mitchell. 2008. Bundled slash: a potential new biomass resource for energy, fuels and
chemicals. 2008 Mid-South Forestry Equipment Show: Woody Biomass Seminar. June 5. Starkville, MS.

Steele, P.H., S. Gajella and F. Yu. 2008. A pyrolytic path to hydrocarbons. Mississippi State University. 3™
Biofuels Conference. Aug. 14-15. Starkville, MS.

Steele, P.H., E.M. Hassan, F.Yu, B.K. Mitchell and L.I. Ingram. 2008. The potential for whole-tree utilization for
bio-oil production. The 62" Int'| Convention of the Forest Products Society. St. Louis, MO. June 22-24.

Steele, P.H. 2008. Biofuels from Mississippi forest resources. Mississippi State University, Forest and Wildlife
Research Center Technology Transfer Conference. August 5-6. Starkville, MS.

Hassan, E.M., S.K. Gajjela, F. Yu, P.H. Steele. 2009. Chemical characterization of catalytic hydrogenated bio-oil
and their distilled fractions. 2009 AICHE Annual Meeting. November 8-13. Nashville, TN.

31



Naske, C.D., S.E. Crosby, A. McMaster and K.B. Walters. 2009. Preliminary studies of ph and char particle
content on bio-oil aging. AIChE 2009 Annual Meeting, Nashville, TN, November 11.

Naske, C.D., S.E. Crosby, J. Speed, Z. Wynne, and K.B. Walters. 2009. Examination of char particle effects on
bio-oil aging reactions. Mississippi State University 8th Annual Graduate Research Symposium, November 6.
Platt, J.A., P.H. Steele, B.K. Mitchell and D.L. Grebner. 2009. Pyrolysis oil produced from southern pine
plantation understory vegetation. Forest Products Society 63rd International Convention. June 21-23. Boise, ID.

Puettmann, M. and P.H. Steele. 2009. Carbon sequestration in wood products treated with bio-oil wood
preservatives systems. Forest Products Society 63rd International Convention. June 21-23. Boise, ID.

Steele, P.H. 2009. Development of fuels from bio-oils. Department of Energy Thermochemical Portfolio Review.
April 14-16. Denver, CO.

Steele, P.H. 2009. Bio-oil upgrading and pretreatment. TCBiomass 2009. September 16-18. Chicago, IL.
Steele, P.H. 2009. Production of bio-oil and derivative bio-fuels from biomass. Southern Virginia Bioenergy:
Making Innovation Work. Institute for Advanced Learning and Research. October 6. Danville, VA.

Steele, P.H. 2009. Production of multiple biofuel types from upgraded pyrolysis oil. Mississippi State University
Biofuels Conference. August 6-7. Jackson, MS.

Steele, P.H., F. Yu, Q. Li, and E.M. Hassan. 2009. Increasing aqueous fraction anhydrosugars yields during fast
pyrolysis. 238t American Chemical Society National Meeting and Exposition. August 16-20. Washington, DC.

Steele, P.H., S. Gajjela, F. Yu, and E.M. Hassan. 2009. Hydrocarbon fuel production via biomass pyrolysis. 237t
American Chemical Society National Meeting, Salt Lake City, Utah, March 22-26.

Steele, P.H., S.K. Gajjela, F. Yu, E.M. Hassan, and G. Gresham. 2009. Hydrocarbon production via biomass
pyrolysis and hydrodeoxygenation. Clean Technology Conference & Expo 2009. May 3-7. Houston, TX.
Steele, P.H., S.K. Gajjela, F. Yu, E.M. Hassan. 2009. Hydrocarbons production via biomass fast pyrolysis and
hydrodeoxygenation. 2009 AICHE Annual Meeting. November 8-13. Nashville, TN.

Waggoner, Charles and Philip Steele. 2009. Pyrolysis of cellulosic materials for production of alternative
transportation fuels. Joint Conference: International Thermal Treatment Technologies/Hazardous Waste
Combustors (IT3). May 18-21. Cincinnati, OH.

Yang, C.J. and A. R. Minerick. 2009. Deoxygenation of bio-oil via electrocatalysis. 2009 MSU Biofuels
Conference. August 6-7. Jackson, MS.

32



Yang, C.J. and A.R. Minerick. 2009. Reduction of bio-oil via electrocatalysis. AES Poster Session - American
Institute of Chemical Engineers Annual Conference (AIChE). November.

Yang, Chungja and A.R. Minerick. 2009. Bio-oil deoxygenation via electrocatalytic reduction. Society of Plastics
Engineers Mississippi Chapter Meeting, March.

Yang, Chungja and A.R. Minerick. 2009. Bio-oil deoxygenation via electrocatalytic reduction. Physical Science
Division, 7th Annual GSA Symposium, April.

Yu, F., P.H. Steele, Q. Li and E.M. Hassan. 2009. Cellulosic ethanol production from anhydrosugars by fast
pyrolysis. 25th Annual International Fuel Ethanol Workshop & Expo. June 14-18. Denver, CO.

Yu, F., P.H. Steele, S.K. Gajjela, E.M. Hassan. 2009. Production of hydrocarbons from fast pyrolysis of pine
wood. 2009 ASABE Annual International Meeting. June 21-24. Reno, NV.

Columbus, E., and P.H. Steele. 2010. Wood to bio-oil. 121" Annual National Value-added Agriculture Conference,
Biloxi, MS, June 27-29.

Gajjela, S., E.M. Hassan, F. Yu, and P.H. Steele. 2010. Catalytic production and analysis of aviation fuels from
biomass-derived bio-oil. 239t American Chemical Society National Meeting, San Francisco, CA, March 21-25.
Gajjela, S., E.M. Hassan, F. Yu, and P.H. Steele. 2010. Production of zero-oxygen hydrocarbons from biomass-
based bio-oil. 239" American Chemical Society National Meeting, San Francisco, CA, March 21-25.

Hassan, El Barbary, Philip Steele, Brian Mitchell, and Qi Li. 2010. Production and characterization of fast pyrolysis
bio-oil from giant miscanthus feedstock. Forest Products Society 64" International Convention, Madison, W1, June
20-22.

Steele, P. H and S.K. Gajjela. 2010. Refinery options for hydrocarbons from hydroprocessed bio-oil. Southeastern
Biomass Conference. November 3. Atlanta, GA.

Steele, P.H. 2010. Development, progress and scale up of pyrolytic processes. 2010 MSU Biofuels Conference.
August 12-13. Jackson, MS.

Steele, P.H. 2010. From trees to biofuels: The future bio-oil bonanza. Society of American Foresters. September
30. Starkville, MS.

Steele, P.H. and S.K. Gajjela. 2010. Production of jet fuel from wood-based pyrolysis oil. Forest Products Society
64" International Convention, Madison, WI, June 20-22.

33



Steele, P.H., S.K. Gajjela, E.M. Hassan. 2010. Comparison of hydroprocessed bio-oil gasoline, diesel and jet fuel
fraction characteristics to ASTM standards for drop-in fuels. 240" American Chemical Society National Meeting,
Boston, MA, August 22-26.

Gajjela, S.K., P.H. Steele. 2011. Production of heating and transportation fuels via fast pyrolysis of biomass.
Southeastern Society of American Foresters Annual Meeting. 2/20/2011 - 2/22/2011. Tallahassee, FL.

Hassan, E.M., P.H. Steele, Q. Li, B.K. Mitchell. 2011. Optimization of fast pyrolysis process towards more sugars
as an alternative route for chemicals and fuels. 31st Southern Forest Tree Improvement conference. 6/13/2011 -
6/16/2011. Biloxi, MS.

Li, Q., P.H. Steele, F. Yu. 2011. Converting biomass to sugars via pyrolysis. BIT's 1st Annual World Congress
of Bioenergy - 2011. 4/25-30/2011. Dalian, CHINA.

Penmetsa, K., S.K. Gajjela, B.K. Mitchell, E.M. Hassan, Q. Li, P.H. Steele. 2011. Production of bio-fuels from
giant miscanthus feedstock. 2011 American Chemical Society Conference. 3/27/2011 - 3/31/2011. Anaheim,
CA.

Steele, P.H. 2011. Pyrolysis oil and drop-in fuels with Freedom. REPREVE Renewables: Freedom Giant
Miscanthus Field Day. 1/13/2011 - 1/13/2011. Soperton, GA.

Steele, P.H. 2011. From trees to biofuels: The future of bio-oil in Mississippi. Macon Rotary Club. 1/18/2011 -
1/18/2011. Macon, MS.

Steele, P.H. 2011. From trees to biofuels: The future of bio-oil in Mississippi. Winston County Forestry
Association. 2/1/2011 - 2/1/2011. Louisville, MS.

Steele, P.H. 2011. Development of fuels from bio-oils. DOE Thermochemical Conversion Platform. 2/16/2011 -
2/18/2011. Denver, CO.

Steele, P.H. 2011. Future timberland owner benefits from commercialization of bio-oil technology. Annual
meeting of the Oktibbeha County Forestry Association. 3/10/2011 - 3/10/2011. Starkville, MS.

Steele, P.H. 2011. Production of boiler and transportation fuels via pyrolysis of southern pine biomass. 58th
Annual Southern Hardwood Forest Research Group Meeting. 3/15/2011 - 3/15/2011. Stoneville, MS.

Steele, P.H., Q. Li, S.K. Gajjela. 2011. Producing transportation and heating fuels from catalysis of wood and
grass pyrolysis oils. Beijing Forestry University. 4/19-20/2011. Beijing, CHINA.

Steele, P.H., S.K. Gajjela. 2011. Production of gasoline, diesel and aviation fuels from catalyzed wood and grass
bio-oils. BIT's 1st Annual World Congress of Bioenergy - 2011. 4/25-30/2011. Dalian, CHINA.
34



Steele, P.H. 2011. Bio-oil's future as a consumer of Mississippi timber. Southern Forest Tree Improvement
Conference 2011. 6/13/2011 - 6/16/2011. Biloxi, MS.

Steele, P.H., J.E. Cooper, M. Puettmann. 2011. An Aspen process model: Producing liquid fuels from pyrolysis
of woody biomass. Forest Products Society 65th International Convention. 6/19/2011 - 6/21/2011. Portland, OR.
Steele, P.H. 2011. Fuels and bioproduct development using pyrolysis oil. Biomass and Bioenergy Short Course.
8/4/2011 - 8/4/2011. Mississippi State, MS.

Steele, P.H. 2011. Scale-up of pyrolytic processes. 2011 Biofuels Conference. 10/5/2011 - 10/7/2011.
Mississippi State, MS.

Wynne, Z., K. Walters, C. Naske, P. Polk. 2011. Preliminary investigations of pyrolysis oil filtration methods.
2011 Biofuels Conference. 10/5/2011 - 10/7/2011. Mississippi State, MS.

Yu, F. 2011. Higher Alcohol Synthesis from Syngas over Copper-lron Based Catalyst. Strategic Environmental
Research and Development Program (SERDP) and Environmental Security Technology Certification Program
(ESTCP) annual Technical Symposium & Workshop. Washington, D.C. November 29 — December 1, 2011.

Yu, F. 2011. Liquid Hydrocarbon Production over MO/HZSM-5 Using Gasified Biomass. Strategic Environmental
Research and Development Program (SERDP) and Environmental Security Technology Certification Program
(ESTCP) annual Technical Symposium & Workshop. Washington, D.C. November 29 — December 1, 2011

Yu, F. Yan, Q., Columbus, E., and Wooten. J. 2011. Catalytic Conversion of Biomass Derived Synthesis Gas to
Liquid Hydrocarbons. 107t Gulf Coast Conference. Galveston, TX. October 11-12, 2011.

Yan, Q., Street, J., Wooten, J., Columbus J., and Yu. F. 2011. Biomass to liquid (BTL) fuels via gasification and
catalytic conversion. A Poster Presentation presented for the Mississippi State 2011 Biofuels Conference.
Mississippi State, MS, October 5-7, 2011.

Lu, Y., Yan, Q., Hu, J., Street, J., Wooten, J., Columbus, E., Yu, F. 2011. Higher Alcohols Synthesis from Syngas
over Copper-lron Based Catalyst. A Poster Presentation presented for the Mississippi State 2011 Biofuels
Conference. Mississippi State, MS, October 5-7, 2011.

Hu, J., Yu, F., Lu, Y., Yan, Y., Wooten, J., Columbus. E. 2011. Green Flight: Renewable Jet Fuel Production
Through Integrated Biomass Gasification, Gas Cleaning and Catalytic Conversion System. A Poster Presentation
presented for the Mississippi State 2011 Biofuels Conference. Mississippi State, MS, October 5-7, 2011.

35



Street, J., Columbus, E., Wooten, J., White, M., and Yu, F. Scale-up of Gasoline-Range Hydrocarbon Production
from Biomass Synthesis Gas over Mo/HZSM-5 and other Bi-functional Catalysts. A Poster Presentation presented
for the Mississippi State 2011 Biofuels Conference. Mississippi State, MS, October 5-7, 2011.

Yan, Q., Misna, T., Wooten, J., Columbus, E., and Yu, F. Liquid Hydrocarbons Production via Biomass
Gasification and Catalytic Conversion. 4th Annual Waste-to-Fuels Conference & Trade Show. San Diego, CA,
September 25-27, 2011.

Hu, J., Yu, F., Lu, Y., Yan, Q., Wooten, J., Columbus, E., and Lin, W. Catalytic Conversion of Biomass-derived
Syngas to Gasoline Range Hydrocarbons. Paper: 1110878, An ASABE Meeting Presentation written for the 2011
ASABE Conference, Louisville, KY, August 7-10, 2011.

Lu, Y., Yan, Q., Hu, J., Street, J., Wooten, J., Columbus, E., and Yu, F. Mixed Alcohols Synthesis from Syngas
Over Copper-lron Based Catalyst. Paper: 1110834, An ASABE Meeting Presentation written for the 2011 ASABE
Conference, Louisville, KY, August 7-10, 2011.

Street, J., Columbus, E., Warnock, J., Wooten, J., White, M., and Yu, F. Liquid Hydrocarbon Production over
Mo/HZSM-5 Using Gasified Biomass. Paper: 1110541, An ASABE Meeting Presentation written for the 2011
ASABE Conference, Louisville, KY, August 7-10, 2011.

Yan, Q., J., Wooten, J., Columbus, E., and Yu, F., Synthesis of Liquid Hydrocarbons from Bio-mass Derived
Syngas, An ASABE Meeting Presentation written for the 2011 ASABE Conference, Louisville, KY, August 7-10,
2011.

Yan, Q., Yu, F., Toghiani, H., Zhang, J., Thermal Treatment and Characterization of A Biochar Obtained from
Pinewood Fast Pyrolysis, An ASABE Meeting Presentation written for the 2011 ASABE Conference, Louisville,
KY, August 7-10, 2011.

Lu, Y., Yan, Q., Hu, J., Hu, J., Street, J., Wooten, J., Columbus, E., and Yu, F. Development of copper-iron based

catalyst for mixed alcohol synthesis from syngas. Microscopy & Microanalysis meeting, Nashville, TN, August 7-
11, 2011.

Eugene P. Columbus, E., F. Yu, and J. Wooten. 2011. Bio-feedstock engineering. 1st World Congress of
Bioenergy (WCBE-2011). Dalian, China. April 25-30.

ToF., F. Yu, Y. Zhang, R. Li, J. Wooten, and E. Columbus. 2011. Biomass syngas production from downdraft
gasification system. 1st World Congress of Bioenergy (WCBE-2011). Dalian, China. April 25-30.

36



Yu, F., Q. Yan, J. Hu, Y. Lv, J. Street, J. Wooten, F. To, and E. Columbus. 2011. Production of mixed
hydrocarbons via biomass gasification, biosyngas cleaning and catalytic conversion. 1st World Congress of
Bioenergy (WCBE-2011). Dalian, China. April 25-30.

Gajjela, S.K., S.K. Tanneru, P.H. Steele. 2012. Novel methods to produce biofuels from bio-oil derived from fast
pyrolysis of biomass. 2012 AIChE Spring Meeting and 8th Global Congress on Process Safety. 4/1/2012 -
4/5/2012. Houston, TX.

Li, Q., S.K. Gajjela, P.H. Steele, F. Yu. 2012. Investigation on catalytic pyrolysis of lignocellulosic biomass using
Py-GC/MS. Graduate Student Research Symposium. Mississippi State University. 4/14/2012 - 4/14/2012.
Starkville, MS.

Penmetsa, K., D. Parapati, P.H. Steele. 2012. Upgrading of pyrolysis oil by hydrotreating in a packed bed
reactor. 2012 National Advanced Biofuels Conference. 11/27/2012 - 11/29/2012. Houston, TX.

Steele, P.H. 2012. Mississippi's bio-oil potential. Southeast Biofuels and Renewable Energy Conference.
8/8/2012 - 8/9/2012. Jackson, MS.

Steele, P.H., J. Tao, S.K. Gajjela, S.K. Tanneru, B.K. Mitchell. 2012. Addition of liquid and gaseous olefins to
produce high-quality boiler fuels from bio-oil. 66th International Convention of the For. Prod. Soc. 6/3/2012 -
6/5/2012. Washington, DC.

Steele, P.H., K. Penmetsa, M. Puettmann. 2012. Comparison of bio-oil produced from southern pine slash to
that from clear pine wood. CORRIM special session at the 66th International Convention of the For. Prod. Soc.
6/3/2012 - 6/3/2012. Washington, DC.

Steele, P.H., S.K. Gajjela. 2012. Production of zero-oxygen hydrocarbons from biomass-based bio-oil. 239th
ACS National Meeting. 3/21/2010 - 3/25/2010. San Francisco, CA.

Yan, Q. and Yu, F., Process development and demonstration of biomass to aviation kerosene via gasification and
catalytic conversion. Paper 131503, 243rd ACS National Meeting, San Diego, CA, March 25 — March 29, 2012.

Hu, J., Yu, F., Lu, Y., Yan, Q., Wooten, J., Columbus, E. Green Flight: Renewable Jet Fuel Production Through
Integrated Biomass Gasification, Gas Cleaning and Catalytic Conversion System. A Poster Presentation
presented for the Lignocellulosic Biofuels Workshop. Auburn, AL, June 13-15, 2012.

Lu, Y., Yu, F., Hu, J., Zhou, P. Syngas to mixed alcohols via Zn-Mn promoted Cu-Fe based catalyst. A Poster
Presentation presented for the Lignocellulosic Biofuels Workshop. Auburn, AL, June 13-15, 2012.

37



Street, J., Yu, F., Columbus, E., Wooten, J. Gasoline-range Hydrocarbon Production from Gasified Woody
Biomass Using an Iron Bi-functional Catalyst. A Poster Presentation presented for the Lignocellulosic Biofuels
Workshop. Auburn, AL, June 13-15, 2012.

Yan Q., and Yu, F. 2012. Process Development and Demonstration of Biomass to Liquid (BTL) Fuels via
Gasification and Catalytic Conversion. AIChE's 2012 Spring Meeting. Houston, TX. April 1-5, 2012.

Hu, J., Yu, F., Lu, Y., Street, J., Wooten, J., Columbus, E. 2012. Transportation Fuels Production from Biomass
through Biomass Gasification, Gas Cleaning and Fischer-Tropsch Synthesis: A Technical and Economic Analysis,
Paper: 121337425, An ASABE Meeting Presentation written for the 2012 ASABE Conference, Dallas, TX, July 29-
August 1, 2012.

Lu,Y., Hu,J., Zhou, P., Street, J., Wooten, J, Columbus, E., Yu, F. 2012. Catalytic conversion of syngas to mixed
alcohols via three-dimentionally ordered macroporous Cu-Fe based catalyst. Paper:121337229, An ASABE
Meeting Presentation written for the 2012 ASABE Conference, Dallas, TX, July 29-August 1, 2012.

Street, J., Yu, F., Columbus, E., Wooten, J. 2012. Scale-Up of Liquid Hydrocarbon Production using Gasified
Biomass. Paper: 121337524, An ASABE Meeting Presentation written for the 2012 ASABE Conference, Dallas,
TX, July 29-August 1, 2012.

Lu, Y., Yu, F., Hu, J., Zhou, P. Mixed alcohols Synthesis from Syngas via Zn-Mn promoted Cu-Fe based catalyst.
2012. A Poster Presentation presented for the 2012 Southeast Biofuels Conference. Jackson, MS, August 8-9,
2012.

Street, J., Wooten, J., Columbus, E., and Yu, F. 2012. Scale-up of Gasoline-Range Hydrocarbon Production from
Gasified Woody Biomass using Bi-functional Catalysts. A Poster Presentation presented for the 2012 Southeast
Biofuels Conference. Mississippi State, MS, August 8-9, 2012.

Lu, Y., Yu, F., Hu, J., Zhou, P. 2012. Syngas to mixed alcohols via 3D ordered macroporous Cu-Fe based
catalyst. Paper number: 172, An oral presentation presented for 244th American Chemical Society National
Meeting & Exposition. Philadelphia, PA, August 19-23, 2012.

Yan, Q., Yu, F., Liu, J. 2012. Carbon encapsulated iron nanoparticles for catalytic conversion biosyngas to liquid
hydrocarbons. 244th ACS National Meeting, Philadelphia, PA, August 19-25, 2012.

Steele, P.H. 2013. MSU SERC bio-oil research and commercialization. Coastal Plain Branch Experiment
Station. 3/19/2013 - 3/19/2013. Newton, MS.

Steele, P.H. 2013. Production of multiple fuel types from bio-oil. SEC Symposium. 2/10/2013 - 2/12/2013.
Atlanta, GA.

38



	Goal/Objective Statement
	Project Quad Chart Overview
	Project Overview
	Project Overview
	1 - Approach
	1 - Approach
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results (cont’d)
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results
	2 - Technical Accomplishments/ Progress/Results (cont’d)
	3 - Relevance
	4 - Critical Success Factors
	5. Future Work
	5. Future Work
	Summary
	Additional Slides
	Responses to Previous Reviewers’ Comments
	Publications and Presentations

