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SECTION1 INTRODUCTION

The DOE grant was awarded to ClearFuels Technology in December 2009. In June 2009, Rentech
acquired 25% interestin ClearFuels Technology and in May 2011 acquired more than 90% of ClearFuels
Technology.

1.A  Rentech Company Overview

Rentech wasfoundedin 1981 by two engineers atthe Solar Energy Research Institute (SERI) that is now
known as the National Renewable Energy Laboratory. For much of its history, Rentech was a developer
of Fischer-Tropsch technology. The company headquarters are in Los Angeles, CA but with over 35
locations throughout the United States, Canada, Chile, and Uruguay. The company’s main business lines
include the wood fiber business, production of agricultural fertilizer, and energy technologies. The
company has over 750 employees and is publicly traded under the RTK ticker symbol.

1.B  ClearFuels Technology Overview

ClearFuels Technology Inc. was founded in 2005. Its founders had evaluated commercially viable
cellulosicbiofuels conversion technologies since the 1990’s underthe name of Worldwide Energy. From
inception, ClearFuels’ core focus has been onthe deployment of a flexible thermochemical conversion
technology platform to support commercial-scale production of advanced biofuels. After Rentech’s
review of over 200 different thermochemical conversion technologies, ClearFuels gasification and
Silvagas Gasification were selected to be integrated with Rentech’s Fischer-Tropsch technology. Rentech
acquired Silvagas Corporation for biomass gasification and a 25% interest in ClearFuels Technology in
2009.

Rentech and ClearFuels started working on a project in 2008 to place a pilot demo-scale ClearFuels unit
at Rentech’s demonstration facility in Commerce City, Colorado. With the passage of ARRA in 2009,
ClearFuels and Rentech decided to collaborate on a grant application to the DOE to aid in funding that
pilot demonstration integrated with Rentech’s gas-to-liquids product demonstration unit (PDU) in
Colorado.

1.C KeyTeamMembers Who Contributed to this Final Report

Joshua Pearson — Principal Investigator, Manager of Biorefinery Integration, Rentech
Harold Wright —Senior Vice President and Chief Technology Officer, Rentech
Eric Darmstaedter — President, ClearFuels Technology

Randy Blevins —Director of Engineering, ClearFuels Technology

Mark Robertson —Senior Lead Process Engineer, Rentech

Weibin Jiang —Senior Principal Engineer, Rentech

Mark Still —Process Development Engineer, Rentech

Randy Shearer —Manager Lab Services, Rentech

Josefa Griffith — Senior Analytical Chemist, Rentech

Ernesto Bustamante — Process Development Engineer, Rentech

Matt Greer —Principal Operation Engineer, Rentech

Ray Huang —Manager, Iron Fischer-Tropsch Technology, Rentech

Ute Duvenhage — Data Statistician, Rentech

Eric Elrod — Lead Process Engineer, Rentech
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Eric Bemiss —Project Controls Engineer, Rentech

Mark Anselmo — Construction Manager, Rentech

Nick Cozzi —Senior Mechanical Engineer, Rentech

Phil Weathers — Director of Operations, Rentech

Perry Herrick — Operations Manager, Rentech

Rentech Energy Technology Center (RETC) — Analytical and Lab Services
RETC — Operations & Maintenance

1.D  Project Partners

National Renewable Energy Laboratory (NREL) for Tar Measurement (TMBMS)

URS for Engineering and Construction Management

Linde HydroChem for design and fabrication of ClearFuels High Efficiency Hydro-Thermal
Reformer (HEHTR)
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SECTION 2 EXECUTIVE SUMMARY

2.A Overview

ClearFuels Technology and Rentech, Inc. were awarded an ARRA-funded DOE project to integrate
ClearFuels’ novel, flexible High Efficiency Hydro-Thermal Reformer (HEHTR) technology with Rentech’s
existing natural gas to liquids Fischer-Tropsch Demonstration Unit for the conversion of high impact
woody biomass to renewable diesel as a primary product. The same facility was used to prove the
conversion of bagasse and woody biomass/bagasse mixtures to direct substitute renewable diesel and
renewable jet fuel (SPK).

The project was awarded to ClearFuels Technology in December 2009. Construction of the additional
equipment at Rentech’s site was completed in October 2011. Commissioning of the new equipment
with the exception of a booster syngas compressor was completed in December 2011 and the booster
compressor was commissioned in September 2012.

Operations of the integrated facility and the project were completed in February 2013 with over 2200
hours of HEHTR operations and over 1300 hours of integrated fuels production on various wood and
bagasse feedstocks. Data analysis and decommissioning of the facility was completed in May 2013.

On February 28, 2013, Rentech announced the closing of the Commerce City, CO facility and the
cessation of all R&D activities. The company will not be pursuing the commercialization of the
technology developed with this grant. The company is seeking partners or buyers for its biomass
gasification and Fischer-Tropsch technologies. The company is also seeking the most economical
disposition forthe equipmentand ssite in Commerce City and has been working with the Department of
Energy on disposition of the assets acquired as part of this grant.

2.B  Howthe Research Adds to the Understanding of the Area Investigated

ClearFuels and Rentech successfully completed the construction, scale-up, operation and integration of
ClearFuels’ HEHTR technology at Rentech’s site in Commerce City, CO. However, the operation portion
of the project was performed at a lower-than-name plate capacity. This project discovered the scale-up
issuesrelatedtothe largerunit, and as a result acquired adeeperunderstanding of gasification kinetics.
At the close of the project, on-specdiesel fuel was created from stream of syngas derived from woody
biomass.

There were several steps in the process that prevented from running at nameplate capacity.

e Biomass Grinding - The grinder was not able to process the wet biomass at its intended size
distribution. To fix this the unit was fitted with screens containing larger openings to help
prevent plugging. The feedstock was also changed to a wood chip from a hog fuel grind.

e Surge Hopper - The feed surge hopper had multiple bridging issues. To fix the hopper,
pneumatic assists were installed to keep the biomass moving.

e Rotary Valve—The rotary valve did not create an adequate pressure boundary, allowing steam
to enter the dry feed handling system. This plugged (during cold weather, froze) the feed
system. Various devices were added to help the issue; however, it continued to be an issue
through the close of the project.
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e Steam Mixing Vessel —There were concerns that the steam and biomass were not mixing and
due to the geometry possibly forcing some of the steam into the feeding system. The Steam
Mixing Vessel was modeled, and redesigned. There was some benefit, butitdid not completely
solve the pressure boundary issue with the Rotary Valve.

e GasifierFeedLines—The feedline goingintothe gasifier was splitinto two streams. There were
uneven flow issues as well as plugging, so the line was redesigned with more emphasis on
symmetry which helped the flow issues.

e Gasifier Heat Recovery Boiler —The waste heat boiler would foul on the order of hours during
initial operations. Awaterquench system was installed to cool the syngas, and the waste heat
boiler was not put back in service for the duration of the project. It was discovered that a
modification of the gasifier operating conditions could produce a syngas with a more favorable
tar composition.

e Syngas Cleanup — During start-up and initial operations the tar in the syngas were overloading
the primary syngas cleanup system; therefore, multiple changes were made to help relieve the
load on the units. A solvent scrubbing system was installed, additional filtration steps were
added, and tighter control of unit temperatures was taken to control premature tar
condensation.

2.C  Technical Effectiveness and Economic Feasibility of the Methods or
Techniques Investigated or Demonstrated

A notional 1000 DTPD facility was designed and a heat and material balance was generated for the
facility. Using Rentech’s cost estimating tools we determined that the approximate cost of a planned
biomass-to-liquids facility in Northern Ontario would be over $700 million. The project after-taxlevered
internal rate of return was estimated at 4.1% where the real diesel price was assumed to be
$3.00/gallon. For a 10% after-tax IRR of 10%, a diesel price of $5.16/gallon is necessary.

2.0 Howthe Projectis Otherwise of Benefit to the Public

Rentech and ClearFuels demonstrated that renewable drop-in diesel fuel can be produced from woody
biomass. The project provides the public some key lessons learned to increase the effectiveness of
future projects of this nature. The projectran into numerous feedstock handlingissues and the scale-up
from small pilot-scale to integrated operation provides some key learning for future project teams.
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SECTION 3 PROJECT GOALS, OBJECTIVES AND ACCOMPLISHMENTS

3.A DOE Objectives

The objectivesare inline with those of the America Recovery and Reinvestment Act of 2009 (ARRA) and
US Department of Energy (DOE) office of Energy Efficiency and Renewable Energy (EERE) for deliberate
successful proof of novel advanced biofuels technologies followed by a rapid commercial deployment.
To support DOE’s goals, itis expected that the pilot-scale projects proposed will be operational within
three to fouryears afterapplicants are selected. For TopicArea 1, biorefinery technologies and systems
are sought that have the capability to proceed rapidly through demonstration. It is expected that the
successfully completed projects underthis FOA will lead to commercialization after further development
at the demonstration stage.

3.B Project Objectives and Targets from Application

Operate the HEHTR to convert biomass to syngas (BTG) and steam at an efficiency based on BTU’sinand
out at over 80% with a target of 87%.

Accomplishment: DID NOT ACCOMPLISH. Overall thermal conversion of biomass to syngas was 59%
on a biomass to syngas basis.

Control the HEHTR to meet a 1:1 hydrogen to carbon monoxide syngas ratio as measured by National
Renewable Energy Lab (NREL) mobile gas laboratory and RTK PDU Facility online analyzers.

Accomplishment: ACCOMPLISHED. The project was able to make on-spec syngas for downstream
operations.

Vary the operation of the HEHTR to prove flexibility of operation from 0.9:1 hydrogen to carbon
monoxide ratio to at least 2:1 hydrogen to carbon monoxide ratio, with an upper target of 3:1. Show
control at +/- 0.2:1 increments to match RTK FT and UOP upgrader requirements.

Accomplishment: ACCOMPLISHED. Demonstrated hydrogen to CO ratios in the syngas from
approximately 1:1 to almost 3:1.

Optimize operating parameters including temperature, pressure, steam flow, and biomass flow, to
produce syngas of the target ratios directly from the HEHTR before gas cleanup with total tar
contaminants under 50 parts per million (ppm) with a target of less than 25 ppm.

Accomplishment: ACCOMPLISHED. Demonstrated the ability to get total tar contaminants to less
than a few ppm after syngas conditioning suitable for use in an FT reactor. This required the
addition of new project scope, i.e. solvent scrubber and filtration units.

Operate all gas cleanup systems at the integrated CF-RTK IBR to ensure proper removal of all trace
contaminants atthe appropriate gas clean-up stagesinthe ppm and parts ppb (parts per billion) range,
that may affect the RTK FT process, as measured by NREL mobile gas laboratory at each gas cleanup
stage.

Accomplishment: ACCOMPLISHED.
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Operate the integrated HEHTR and RTK FT process continuously for production runs of renewable diesel
and jet fuel for 30 days using wood waste, and an additional 10 days each using bagasse, and mixed
feedstock.

Accomplishment: PARTIALLY ACCOMPLISHED. The project accomplished the woody biomass goals
but bagasse and mixtures were not operated for the full 10 days each.

Meet ASTM specifications fordiesel and jet fuel produced from the CF-RTK IBR as confirmed by RTK, and
validated by Hawaii Natural Energy Institute (HNEI) and Hawaiian Electric

Accomplishment: PARTIALLY ACCOMPLISHED. Producedon-specdiesel butdid notproduce jetfuel
during the campaigns. Previous, non-project related work at site demonstrated jet fuel (SPK)
production and commercial test flight. HNEI and Hawaiian Electric were not involved in the
evaluation.

Complete the CF-RTKIBR pilot project on time and on budget as presented in this proposal and provide
sufficient data to validate scale-up designs for the first commercial facility.

Accomplishment: PARTIALLY ACCOMPLISHED. Completed engineering, procurement, and
construction of the facility on budget and on time. The commissioning and operations portion of
the project were not completed on time or on budget.

3.C  Critical Success Factors from Application
Critical success factors for being able to meet the goals and objectives are as follows:

1. Successful on-time engineering, procurement, construction, integration, and mechanical startup of
the CF HEHTR platform technology at the RTK PDU by URS.

Accomplishment:  PARTIALLY ACCOMPLISHED. Completed engineering, procurement, and
constructionontime. Commissioningand operations were longer than scheduled. Based on initial
start-up of the gasifier, we had to add a solvent wash system to the syngas cleanup process.
Because of feedstock handling issues, we had to add equipment to keep the feedstock from
bridging. All of these EPCitems added time to the overall commissioning and start-up time line.

2. Controllable biomass drying and grinding to required moisture ranges and sizes of the wood waste
and bagasse feedstocks.

Accomplishment: ACCOMPLISHED. Unit modification was required, did not deviate significantly
from original design. Feedstock specification was tightened, and bagasse was more difficult to dry
and grind than woody feedstocks. Further details in lessons learned section.

3. Reliable controlled mixing of biomass and steam through the proprietary biomass/steam mixture
system.

Accomplishment: ACCOMPLISHED. Unit modification was required, did not deviate significantly
from original design. Re-design focused primarily on nozzle locations on vessel. The system needed
to be cleaned periodically. Further details in lessons learned section.
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4. Accurate measurement and control of heat recovery systems including syngas and fluegas heat
recovery steam generators (HRSGs) for use in dryer and steam transport processes.

Accomplishment: PARTIALLY ACCOMPLISHED. Syngas heat recovery was not demonstrated. The
waste heat boiler design was incapable of handling the tar and char in the syngas during initial
operations, a quench system was installed to cool the syngas.

5. Syngas cleanup equipment must correctly remove the contaminants in the appropriate order so
trace compounds do not interfere with subsequent gas cleanup processes.

Accomplishment: ACCOMPLISHED. Naphthalene reduction prior to the compressor still caused
problems with the air cooler on the booster compressor.

6. Syngasonline measurement of trace syngas contaminants must be accurate to provide measurable
data at the ppm and ppb level for appropriate response to vary operations.

Accomplishment: ACCOMPLISHED.
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SECTION 4 PROJECT ACTIVITIES

4.A  Schedule Milestone Summary

Table 4-1: Schedule Milestone Summary

Milestone Description Target Forecast Variance
Engineering Completion 6/23/2011 8/5/2011A 30
Procurement Completion 8/18/2011 9/12/2011A 17
Construction Start 4/4/2011 4/4/2011 A 0
Mechanical Completion 9/15/2011 11/08/2011 A 38
Commissioning / Start-up Completion 10/6/2011 2/22/2013 A 460

Data Collection Completion 1/31/2012 3/29/2013 410

Data Analysis & Final Reporting Completion 3/27/2012 6/28/2013 430

4.B EVMS Summary

e CPlis0.84PTD

e Cost Variance is $(6,541,035) PTD

e SPlis0.97PTD

e Schedule Variance is ($1,031,604) PTD
e EACVariance is ($6,484,591)
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Table 4-2: February Period EVMS Summary

ClearFuels-Rentech Integrated Biorefinery Pilot Project

February Reporting Period EVMS

% Estimate to Estimate at
WBS [Description Current Budget Scheduled Actual Eamed Complete 5PI CPl C Cr ion
1.0 |Administration $878,259 §878,259) $1,108,734 $878,259) 100.0% 1.00 0.79 58,400 51,117,134
2.0 [Project Management $212,162 $212,162 $112,506 $212,162| 100.0% 1.00 1.89 $0 $112 506
3.0 [Project Planning 581,165 §581,165 $514,931 $591,165) 100.0% 1.00 115 34,200 $519,131
4.0 [OSBL $3,465,706 §3.465,706 §7,149,772 $3.465,706] 100.0% 1.00 0.48 $73,645 87,223,417
5.0 [Engineering 56,867,606 $6,867,606 $6,836,605 $6,867,605 100.0% 1.00 1.00 517,681 $6,854,376)
6.0 [Procurement 7,957,198 §7.957,198 $8,031.,956 $7.957,1938] 100.0% 1.00 0.99 $228.618 §8,260,57H
7.0 [Construction $7,634,750 §7.634,750 $7,635,284 $7,634,750] 100.0% 1.00 1.00 $182,508 87,817,759
8.0 [Startup & Operations $6,672,535 $6,672,535 $9,665,627 $6,672,535  100.0% 1.00 0.69 $0 $9,665,627]
9.0 [Data Collection 942,338 §942,338 $275,295 $471,169)  50.0% 0.50 1.71 $335.440 $5610,735)
10.0[Interim Data Evaluation & Validation $382,214 §302,214 50 $30,221  10.0% 0.00 0.00 $84,960 $84,960
11.0 [Final Report $203,411 §203,441 50 30 0.0% 0.00 0.00 535,707 535,707
12.0 [Decommissioning Plan $4,000 $4.000 S0 50| 0.0% 0.00 0.00 54,000 §4,000)
Total $35,821,374 $35,821,374] $41,330,802 $34,789,770] 97.1% 0.97 0.84 $975,159 $42,305,961
4.C Change Management Summary
Table 4-3: Change Management Summary
Client Tntemal Change [
CATEGORY Approval B# Transfer or No Action
Company Status pproved Change Orders
Changs Order [CO) Client Client Appvd | Approval Pending | Included Trend Motices
Trend Notica (TH) Appvd Appvd Sch Status Potential In Open issues
Pending [Blank) Engineering Capital Impact| Approved Approved EAC
Description Cost Cost (Days) | Cancsled Cancelled Cost Comments
5 3311.451] § 1,199,737
Sublotal URS Approved Change Orders co H 3975663 § (] Approved Approved 4
Subtotal URS Approved Trend Noticas ™ 5 73884] 5 (a77.888)| @ 4
Suntotal URS Pending Changs Orders 5 13.800| § - a
Subbotal HydmoChem Approved Change Ordars co 5 {245,465) a Approved Approved ¥
‘Subtotal Rentech Approved Change Orders co 3 100.000| 5 = a Approved Approved ¥
Subdotal Rentech Approved Trand Notices ™ 5 {603.411)| § [ 4
Zubiotal Ames Approved Change Onders co -3 1,077 026 o Approved Approved ¥
Subtotal Ames Approved Trend Nodices ™ 3 115,300 a ¥
Subtotal Ames Panding Change Crders 3 -1 3 - a
Subiptal Piper Approvad Change Orders co 3 435300 @ Approved | Approved ¥
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4D  Safety

Overall, the project had an excellent safety record. A total of 3 first aid cases were reported and no
recordable injuries. There were anumberof industrial hygiene issues that we had to set up monitoring

programs for including the extra tars produced by the process.

Table 4-4: Safety Statistics for Project

First Aid Case 3
Lost Time 0
Incidents / Near Miss 16
Observations 19

4E Budget/Spend Curve

Total project: $42,305,961
DOE: $23MM
Rentech: 19.3MM
ARRA Funding -100% of Federal Portion
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450,000 [Ss[o[N[D|JJF[M[A[M][J[J[A[SJTO[N[D|J[F[MJA[M[JJJ[A]S[O[N][D|J[F[M[A[M]JITJ
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— ‘l.
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L
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270,000 — P L1
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BUDGET 30568 | 72983
ACTIETC

QDATE 2 3

BUDGET an5ea [ 10353 | 137 438 | 1497

ACT/ETC 761 | 73.120] 101150 120

'COST IN USD x100

Figure 4-1: ClearFuels-Rentech IBR Spend Curve
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4.F Inventions/ Patent Applications, Licensing Agreements
No new inventions / patent applications or license agreements resulted from this project.
4.G  Approaches Used

G.1 Project Controls, Processes and Procedures

Organization

The Project Controls System uses an integrated hierarchal WBS and Organization Breakdown Structure
(OBS) to form the Responsibility Assignment Matrix (RAM) and ensures seamless and complete
ownership of the work across all aspects of budgeting, scheduling, cost accumulation and performance
reporting that:

Defines and organizes the authorized project scope in a WBS,

e |dentifies which organizations and subcontractors (where applicable) are authorized and
responsible for work on the projectin an OBS,

e Providesfortheintegration of the project’s planning, scheduling, budgeting, work authorization
and cost accumulation process,

e Facilitates the performance measurement of both cost and schedule, and

e Documentsthe processand organization responsible for the management and control of direct
costs.

Planning, Scheduling and Budgeting

Using existing Project Controls processes and procedures to ensure integration of scope, schedule, cost,
and technical performance that:

e Establishes an integrated, time-phased schedule/Gantt chart and corresponding budget
baseline, at the Control Account level, against which work may be authorized and project
performance objectively measured,

e Identifies and sequences authorized work in a resource loaded schedule in a manner that
provides visibility of the task interdependencies and critical path of the project,

o C(Clearly defines project deliverables, milestones, and performance goals,

e Focuses on cost/schedule management and ensures management visibility for work
authorization and control of scope, schedule, and cost components,

e Provides timely, valid and traceable baseline performance and trend data,

Ensures that the budget of the Work Packages and Planning Packages sum to the Control
Accounts and WBS structure,
Identifies Management Reserve and Undistributed Budget, and

e Assesses progress achieved versus progress planned, measured in terms of physical work

accomplished.
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G.2 Earned Value Management System (EVMS)

The Earned Value Management System (EVMS) project management tool utilizes Gantt charts and
resource-based schedules to assess actual cost and schedule versus planned cost and schedule. An
invoicing systembasedon the Code of Accounts is directlylinked to the Work Breakdown Structure (WBS)
and EVMS. Invoices are based on milestone and/or earned value and generated from the integrated
accounting system.

Earned Value is used to evaluate performance for all activities.

1. All Earned Value (EV) methods and techniques include the following characteristics:

Stability — The EV method chosen for a Work Package (WP) will not change after the Work
Package is opened, unless approved through formal change control.

Objectivity — For discrete work, completion of an event will be based upon predetermined
criteria or a tangible product.

Ability to audit — The procedure and criteria for evaluating physical accomplishment will be
auditable.

2. Thereare three basicmethods used for measuring performance. Application of these methods and
theirvarioustechniques depends on the end product or service to be measured. Objective techniques
are used where practicable. Each Work Preformed will utilize one of the following EV methods to track
work progress:

Discrete Effort — Discrete tasks are those tasks which are quantifiable to individual work
products or predetermined tangible measurement. Techniques utilized for discrete efforts are:
0 Fixed Formula-0/100, 50/50, 25/75 etc.
0 Units Complete —physical quantity count.
0 Milestone-predetermined percentcomplete based on internal milestones within the
WP.
0 PercentComplete —predefined earning methodology based on detailed steps or hours
necessary to complete the task.

Apportioned Effort — This method involvesthe EV fora discrete WP being based upon a defined
relationship with related WPs from which progress is measured objectively. For example, Non-
Manual Construction Support could be evaluated at 90% of the composite percent complete of
all direct construction WPs. The final 10% would be earned when the paperwork closeout at the
end of the project is complete (which is generally after the craft is gone).

Level of Effort (LOE) — This method is used for efforts of a general or supportive nature, which
does not produce a definite end product. ALOEWP usesonly one EV technique —the Budgeted
Cost of Work Performed (BCWP) equals the Budgeted Cost of Work Scheduled (BCWS) in each
reporting period. LOE tasks are measured through the passage of time rather than through
application of a discrete EV technique.
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3. Material or subcontract items must utilize an effective performance measurement technique that
allowsfor earned value to be claimed in the same accounting period as actual costs. The earned value
techniques will be documented but, in general, material will be earned in the following manner:

e Engineered Equipment — Engineered materials receive BCWP and cost for performance
measurementreporting purposes when the material is received and accepted, oris based on a
verifiable progress payment schedule.

o Field Materials — Field materials receive BCWP and cost for performance measurement
reporting purposes when the material is withdrawn from stores.

e Subcontracts — Subcontracts receive BCWP and cost for performance reporting based on

Statement of Work deliverables and using actual invoiced cost plus accrued cost.

G.3 Cost and Schedule Performance Measurement

Cost Performance Index(CPI)

The Cost Performance Index (CPI) gives the efficiency of the utilization of the resources allocated to the
project. CPlvalue above 1indicates efficiency in utilizing the resources allocated to the project is good.
CPl value below 1indicates efficiency in utilizing the resources allocated to the project is not good.

Schedule Performance Index (SPI)

The Schedule Performance Index (SPI) gives the efficiency of the project team in utilizing the time
allocated forthe project. SPlvalue above 1indicates project team is very efficient in utilizing the time
allocated to the project. SPlvalue below 1indicates project team is less efficient in utilizing the time
allocated to the project.

Cost Variance (CV)

CV =BCWP—-ACWP

The Cost Variance (CV) gives the variance in terms of cost which will indicate how less or more cost has
been to complete the work as of date. Positive Cost Variance indicates the projectis under budget.
Negative Cost Variance indicates the project is over budge

Schedule Variance (SV)

SV=BCWP—-BCWS

The Schedule Variance (SV) gives the variance in terms of cost which will indicate how much cost of the
work is yet to be completed as per schedule or how much cost of work has been completed over and
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above the scheduled cost. Positive Schedule Variance indicates we are ahead of schedule. Negative
Schedule Variance indicates we are behind schedule

Estimate at Completion (EAC) Development

EAC=ACWP+ ETC

The Estimate at Completion (EAC) is a realistic forecast of the final cost of a defined scope of work
(lifecycle or contract) when complete or to the end of the fiscal year in the case of fiscal year
EACs/spend forecasts. The EACis calculated as ACWP to date, plus estimate to complete (ETC). The key
to preparation of an EAC is accurately forecasting and phasing the ETC for the remaining work scope
within the WBS element.

G.4  Variance Management

Variance Analysis

The Project Manager with the support of Project Controls is required to review, analyze, and report on
all control accounts with variances exceeding thresholds for current month, cumulative, or at
completion. The variance analysis provides the managera means to communicate scope, schedule, cost,
and EAC divergences from their control accounts. Cost and schedule variance explanations are
completed each month for control accounts exceeding the variance thresholds.

Variance Analysis Reporting

Control Accounts with costand schedule variances exceeding thresholds for current month and contract
to date are required to submitvariance explanations. The manager will provide an accurate description
of the problem. The description focuses as much as possible on the root cause, rather than symptoms.
Thisanalysisincludesidentifying the cause of the variance, determining the impact of the variance on
milestones, determining the effect on the VAC, and specifying the corrective action(s).

Project Reporting and Contract Performance Report

Project performance meetings are held monthly; more often if itis warranted. Data produced by the
EVMS is timely and of sufficient quality providing an effective foundation for management decisions.
Performance analysisis acontinuous activity. The integrated project scope, schedule, and cost data are
gathered and interpretedinto project status information. Significant current or potential problems are
identified and root causes determined. Alternative courses of action are assessed and corrective action
is taken if necessary. The reporting systems for the project were structured to gather project status
information for all management levels. The reports were prepared using performance data from
established project controls and site business systems to ensure consistent use of approved formats,
accuracy, data at the correct level of detail, and commitment to due dates. Data integrity is maintained
to accommodate different focus areas and cross-cuts. Contract Performance Reports (CPRs) were
provided at least monthly. The reports were:

e Cost andschedule performance by summary level WBS,
e (Cost andschedule performancedata by the responsible organization structure,
e Budgetbaseline planagainst which performanceis measured,
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o Staffingforecastsforcorrelation with the budget plan and cost estimates, and

e Anarrative report usedto explain significant cost and schedule variances and otheridentified
contract problems and topics.

For the purposes of the project, it was assumes that self-certification was the preferred means for EVMS
compliance. The Project utilized internal resources to complete EVMS self-certification.

G.5 Phase Gate Process

The projectemployed aphase gat process. At the time of the DOE solicitation the Project was in Phase
5, FEED. The project phases are defined as follows:

P[l)las.e lt_ Phase 2 — ‘ Phase 3 - Phase 4— Phase 6 —E, ‘ Phase 7 -
SR Scoping Feasibility Pre FEED p.c " JRPoperations

Phase 1 - Project Development

The project is screened from a list of potential projects and identified as a project that meets the
corporate requirements. The potential project is given a fatal flaw analysis including siting, feedstock
and environmental considerations. The project team compiles a magnitude estimate tofurtherensure it
iswithinthe capabilities of the project. The deliverables from Phase 1are a scoping budget, pre-scoping
study report and a completed pre-scoping checklist. To pass through Gate 1 on to Phase 2, a scoping
budget authorization for expenditure (AFE) is completed and a project team is assigned. The go/no go
decision point for Phase 1 is based on the successful evaluation of the project meeting the corporate
requirements, the project passes the fatal flaw analysis, there is no feedstock or environmental
concerns and the project is economically feasible given the magnitude estimate.

Phase 2 - Scoping

Senior managementidentifies an executive sponsor for the project; it is this sponsor’s responsibility to
report to the Board of Directors on the project status. A scoping study, and a high-level engineering
study, is undertaken and a cost estimate of +/-40% is developed. In this phase the feedstock is identified
and commercially available licensed technologies that are required to complete the project are
identified. It is in this phase that the proposed site for the project is identified. Environmental permit
applications are started along with otherfederal, state and local permits. A conceptual financing planis
developed. The deliverables from Phase 2 are a feasibility budget, project description, proposed site
identified, feedstock identified, product off-take agreements initiated, potential licensors evaluated, and
a completed scoping checklist. To pass through Gate 2 on to Phase 3, a feasibility AFE is completed. The
go/no go decision point for Phase 2is based on the successful evaluation of the scoping study, source of
feedstock and product off-takes identified, location of the project is identified and the project is
economically feasible given the +/- 40% estimate.
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Phase 3 - Feasibility Study

A feasibility study is undertaken and a cost estimate of +/-25% is developed. In this phase the required
commercially available licensed technologies are selected. Permit applications are completed and
solutions to environmental considerations in Phase 1 withdrawn or solved. The selected site is
purchased or optioned to lease/purchase, and local zoning modifications initiated. A financing plan is
completed, and all engineering assumptions closed out. The deliverables from Phase 3 are return on
investment (ROI) calculations, licensed technologies selected, feedstock memorandum of understanding
(MOU) obtained, project off-take MOU obtained, site MOU obtained, financial model completed,
permitting fatal flaw analysis completed and a completed feasibility checklist. To pass through Gate 3 on
to Phase 4 an engineering and construction project manager is assigned, an engineering and
construction lead process engineeris assigned and an approved Pre-FEED AFE is completed. The go/no
go decision point for phase 3 is based on the successful selection of the commercially available
technologies, the project site is secured, and the project is economically feasible given the +/- 25%
estimate and the ROI.

Phase 4 - Pre-FEED

Thisis a fundamental phase forcommercial negotiations and optimization studies. Feedstock contracts,
product off-take contracts and technology licenses are secured. Permits are submitted and a legal
review of the projectis completed. The financial model is validated and a bank’s engineer is retained to
go forward with financing. Request for bids are sent to qualified engineering firms to complete Phase 5
FEED. The deliverables from Phase 4 are signed license agreements, land purchased (leased), feedstock
contracts in place, project off-take contracts in place, transportation contracts in place, critical permit
applications submitted, ROl and CAPEX confirmations completed, FEED contract and completed Pre-
FEED checklist developed. To pass through Gate 4 on to Phase 5 a FEED AFE is completed, an
engineering and construction manageris identified and engineering and construction team is assigned.
The go/no go decision point for phase 4 is based on securing the feedstock contracts, product off-take
contracts, technology licenses, permits are submitted, legal review is competed, and the project is
economically feasible given ROl and CAPEX confirmations.

Phase 5—Front-End Engineering and Design (FEED)

This is the start of engineering design activities for the project. The successful engineering team is
selected and the FEED contract is executed. The Phase 6 EP&C contracts are finalized. Permits are issued
in this phase. Legal and financial checklists are completed and equity/debt financing is finalized. The
operations team is identified. The deliverables from Phase 5 are an EP&C contract, critical permit
approvals, site pre-work complete, long-lead equipment pre-ordered and a completed financing
checklist. To pass through Gate 5 on to Phase 6 an EPC AFE is completed, an EPC contract is signed, the
project is funded and an operations and maintenance (O&M) plant manager is assigned. The go/no go
decision point for phase 5 is based on selecting the EPC contractor, permits are issued and the
equity/debt financing is finalized.

Phase 6 —Engineering, Procurement, and Construction (EP&C)

During this phase project financing is closed and debt/equity compliance continues. Detailed
engineering, procurement, and construction are completed. Operations and maintenance personnel are
trained. The operating permits are prepared by the environmental department. After mechanical
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completion, pre-start-up safety reviews (PSSR) are completed and the plantis turned over to operations
to commence start-up and commissioning.

Phase 7 —Operations

Thisis the final stepin the project where the plant goes through commissioning and start-up activities
resulting in operating to produce product, and data for commercialization.

G.6 Change Management Plan

A Change Control Board has been established to provide a consistent and uniform method for the
management of both positive and negative impacts to the scope, cost, and schedule of the project.
These impacts may result in changes or deviations to the project baseline.

The Project Controls Manager administrated the change control/management process in accordance
with the contract, scope of work, existing change control procedures, and project management
requirements. The Project Controls Manager was responsible for assisting in training the project team
regarding how change control will be administered including forms, approval responsibility for the
various steps of the process, and incorporation into the control baseline. Identification of changes is the
responsibility of the entire project team.

In order to provide an overall view of the project change health, a Master Change Management Log is
established. This log identifies, tracks, and reports the status of all project deviations and change
categories using the following: PDNs, FPDNs, TNs, CNs, COs, ICs, BTs, and Pending and Potential
Changes. To accommodate various internal and external reporting requirements, the Master Change
Management Log is sorted and subtotaled by each change category as listed above, (i.e. CN, CO, IC, TN,
BT, and Pending and Potential Changes).

There were two types of contract changes resulting from directions or actions:

e Specific “Out-of-Scope” directions that fall outside the project’s approved scope of work
including changes which involve the quantity of the work, the quality of the work, the calendar
time or period required to produce the work, the method of execution,or some combination of
these items.

e Specific “In-Scope” directions and actions that are still within the project’s approved scope of
work (i.e., no quantity growth or design changes, etc.), but involves either failures to perform
certain actions as required by contract at a specific time, delays, acts, omissions, or directions
that are different than contractual, technical, or procedural requirements, thus impacting the
project cost, schedule, or contract terms and conditions.

As changes are identified, an Engineering Change Instructions (ECI) isissued to identify changes, answer
guestions, andinstruct orask for direction to proceed on a particular item. The ECI may or may not lead
to a Potential Deviation Notice (see below) and is not a contractual document, but is intended to
provide instructions, direction, and act as a historical document for project decisions.

A projectdeviationis an alertraised by any member of the project team (home office orfield staff) that
somethingonthe projectis changingor aboutto change and, as a result, there may be an impact to the
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project cost and/orschedule. Project deviations are to be documented and processed per the following
documents:

A Potential Deviation Notice (PDN) is the first document issued indicating a possible impact to the
project’s scope, cost, or schedule. Itisinitiated by any member of the project management team. PDNs
are to be prepared in a sufficient, yet concise, manner that represents the issue at hand, along with
clear instructions as to the path forward. PDNs should be for unique items and should not cover
different subjects onthe same PDN. However, deviations for “like subject matter” may be accumulated
and submitted as one PDN to save time and paperwork. For example, multiple design changes after a
model review thatresultinascope change could potentially roll together and be submitted as a single
PDN for processing. But caution and sound judgment must be exercised when combining deviation
events on asingle PDN.

The formal document issued that initiates “Out-of-Scope” change proceedings per the contract
agreementis aChange Notice (CN). A PDN or Field Potential Deviation Notice (FPDN) will precede each
CN.CNs require approval of the owner, and requires the response and direction concerning the change
notice within a contractual period of time—usually three to five business days. The initial CN must
include a rough order of magnitude (ROM) cost estimate, the additional cost of preparing a detail cost
estimate for the change, and any schedule impact (in days) is also shown.

If the direction is to proceed with a detailed cost estimate of the change, a completed Summary of
Detail Estimate Form is attached to the CN.

A Change Order (CO) is the formal document that finalizes and dispositions the “Out-of-Scope” project
change. The potential Change Order Actions are as follows:

e Change orderapproved

e Changeorderapprovedasnoted

e Revise change orderand re-submit

e Changeorderrejected

e Change order preparation cost approved (yes/no)

The associated CN and PDN (or FPDN) precedes the CO and are referenced on the Change Order Form.
The CO requires approval of the appropriate Project Manager.

A Trend Notice (TN) is normally the vehicle used to adjust the project’s EAC cost forecast, but may or
may not impact current budget costs. In other words, no deviations to project quantities or project
scope have occurred, yetan impact to the EAC cost forecast has occurred as well as a possible impact to
the project’s baseline schedule. Each TN is listed and tracked on the Master Change Management Log
and serves as written notice that an “In-Scope” deviation has occurred or could occur. An example
would be the additional cost to the project due to a slippage in the construction schedule caused by
below-standard craft performance and productivity. Another example would be an adjustment to the
project’s EAC cost due to fluctuations in the average wage rate on the project. Note again that such
deviations are added to the project’s EAC cost without affecting the current budget costs unless
reimbursed. A PDN or FPDN precedes a TN.

Each Internal Change (IC) is listed on the Master Change Management Logand is used primarily to track
“In-Scope” variationsin construction quantities that were not accounted forin the “As-Sold Budget.” An
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ICisusually the result of an estimate error or omission as related to project construction quantities. An
example of thisisan omitted process equipmentitem, orunder-estimated pipe footages onthe project,
etc. The IC may also be utilized to track additional engineering costs which are not reimbursed.

Occasionally, there are changes to a project that have no net effect to the project bottom line. These
would include changes such as a change in the original project execution strategy from subcontract to
direct hire for all or a portion of the work, the amount of engineering given to a vendor, or a request
from construction to the engineering and procurement departments to re-align or adjust engineering
deliverablesand/orfield materialsin orderto save labororimprove schedule perarevised construction
execution plan. These deviations are addressed through Budget Transfers (BT), which move budget
from one area or cost account to another due to changes in the project’s execution plan with no net
effectonthe currentbudget. BTs do notrequire an adjustment to project contingency or fee. A PDN or
FPDN precedes a BT.

G.7  Communications Management Plan

The project organization chart established the formal lines of communication for the project. For the
purposes of efficient project execution, the team members used direct lines of communication with
their respective counterparts across the project organization. It was imperative that intra-project
communications not be impeded; however, the respective Project Management, Project Engineering
Management, Construction, Procurement, and Financial functions were kept apprised of current
technical, schedule, and cost issues. Below is the communication plan.

e Project Management Communication Plan
— Project Manager(s) Monthly Project Report Engineering Communication Plan
— Approval of baselinescope
— Weekly Engineering Team Meetings
— Weekly Status Reports, with actionitem list updates
— Bi-weekly teleconference with all stakeholders, including meeting minutes
— Monthly Project Status Reports with cost, scope, schedule, quality, safety, and issues update
— Agendasforall meetings
— Teleconferences—Asneeded
— Web-based Information Exchanges (WebEx) —as needed
— Hazard analysis
e Construction Communication Plan
— Weekly Construction Status Meetings
— Safety (as needed—minimum weekly information report with formal reporting monthly)
0 Incidentreporting
0 Nearmissreporting
0 Safetyobservations
0 Morningtailgate meetings
- QA/QC
0 Statusof plans
0 VendorSurveillance
e Schedule Communication Plan
— Approval of baselineschedule
— Bi-weekly schedule updates
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e ProjectControls Communication Plan
— Approval of baselinebudget
— Informal Weekly cost reports
— Formal Monthly cost report
— Monthly Change control reports
e Procurement Communication Plan
— Regquisition Status (informal biweekly; formal monthly)
— Purchasing Material Status Report (informal biweekly; formal monthly)

Project correspondence and communications were maintained by the Project Document Control Center
(PDCC) in hard copy, Outlook archives, Aconex, or other electronic formats. PDCC is a delineated work
area for document control.

e E-mail is a constant. Outlook Archives, stored on a corporate server, provide a near-online
retrievable mechanism to capture the day-to-day guidance, direction, discussion, and decisions
that are informally determined.

e Aconexisacollaborative, cloud-based portal that allows the sharing of electronic documents.
This collaborative tool provides acommon location for the exchange of electronicinformation.
It is also the “the filing cabinet.” Officially released memos, specifications, drawings, or any
other document “of record” is stored and maintained in this online repository.

e Other electronic formats may be required given the location or access to cloud portal. These
will be evaluated on a case-by-case basis.

e Project letters are formal communications. Any information that is disseminated, including
official letters that pertain to the company, must have priorsignature approval by the respective
Project Manager within the team priorto release. The Project Manager may choose to delegate
theirsignature authority attheirdiscretion. Formal letters are stored inthe PDCCand in Aconex.

o Lettersfromsuppliers or contractors are to be handled similarly to those generated by Project
Management, with electronic copies forwarded to the PDCC for filing in Aconex.

e E-mail maybe usedto documenttelephone conversation records, and may serve the purpose of
transmitting informal information or discussions. Project personnel receiving e-mails are
responsible for forwarding the e-mail to the appropriate project personnel and to the PDCC.

e Meetingsare to be documented in meeting minutes, which address each subject discussed, the
agreementsreached, and actionitems assigned to individuals or parties. Subjects not resolved
have an agreed upon future action stated along with date, organization, and individual
responsible for resolution. The meeting organizer or senior person in attendance designates
primary responsibility for preparing meeting minutes. After review and approval, meeting
minutes are distributed to attendees and others, as appropriate, and electronically filed in
Aconex. The meeting minutes should be distributed within 5 working days of the meeting held.

e Internal project communications that warrant more formal distribution than an e-mail are
documented in memoranda. They can be used to communicate project directives or issue
technical information.

o Letters of Transmittal are used to formally transmit drawings, data, or information within the
team, to subcontractors, or vendors.
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In general, the projectteam adhered to project-directed confidentiality requirements and the following
requirements:

Access to the project network resources was controlled.

e Allprojectdocuments, information, drawings, specifications, photographs, and correspondence
were treated as confidential and shared only among necessary project, subcontractor, and
vendor team members with signed nondisclosure documentation enforced.

e Any articles for publication developed on the project were approved prior to release.

o The Project Team determined distribution requirements based on document types and
personnel. Once distribution requirements are established, a document distribution matrix is
established. The Document Controller was responsible for the maintenance, implementation,
and administration of the document distribution matrix.

In support of project communication control, a Project Contact List was established and maintained for
the life of the project. This list documented the assigned personnel working on the project their
respective office locations. Itincludes telephone contacts and e-mail addresses for each of the project
personnel.

G.8 Cost Management Plan

Cost Status

The cost process is used to calculate the cost and schedule performance indices, cost and schedule
variances, and variances at completion. Itis the integration point for the BCWS, ACWP, and BCWP. Cost
and Schedule Performance Reports are availableforinternal and external use. The reports are updated
monthly and provide Current Month and Contract to Date reports.

The actual costs are obtained from the accounting system and include both actual costs and accruals.
Accruals are submitted on a monthly basis to account for subcontract or progress payment work
performed but not yet billed.

Material Status

Material and Equipment earn BCWP and cost for performance measurement reporting purposes when
the material or equipment is received and accepted or based on established progress payments.
Material and equipment purchases are initiated, tracked and closed through Materials Management

System.

All material and equipment procurements are traceable to the WBS via the Cost Account Charge
Number (CACN), or Purchase Order Number (PO).

Invoicing System

The use of the current project controls EVMS and accounting system provides the platform for recording
project costinformation related to the project control accounts planned within the WBS structure. The
Codeof Accountsare created directly fromthe WBS elements managed by the EVMS. The system collects
andreportsthe project status, performance and expenses, and provides the Project Manager with the
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toolsand information neededto manage projectinvoicing against the overall project budget. The invoicing
system isintegrated with thefinancial accounting system. Invoicing will be based on milestones or EV as
appropriate.

Accounting Considerations

Ensuring the consistent and accurate collection and reporting of the received costs and accruals
associated with each Control Account to:

e Establish consistentand accurate project cost collection against the final cost objectives without
allocation of a single Control Account to two or more work breakdown structure elements or
organizational elements,

Adhere to accepted accounting principles and Cost Accounting Standards (CAS),

e Allocate indirect costs, in accordance with the CAS disclosure statement, so that all projects
benefiting from an indirect service bear their fair share of costs, and

e Ensurethat actual costs are collected and compared to the performance in the same manner as
planned.

The commitment to financial stewardship and its accounting system is based on accepted accounting
principles and cost accounting standards. Efficient, sound management principles are applied to
budgeting, costrecording, distribution, and reporting of financial information. Project costs are recorded
againsta work package level. This establishes consistent and accurate project cost collection against the
final cost objectives without allocation to more than one single control account and ensures that actual
costs are collected and compared to the performance in a manner as planned. Costs are collected and
reported forline items, general plant projects (GPP), capital equipment projects, and operating expense
funded projects.

Cost Collection

The projectis dividedinto lowerlevels of detail, ending with a unique WBS element, within the project
WABS structure. All costs are collected through the use of unique control account charge numbers. This
allows all cost elements within a project to be rolled up within the WBS structure of the project. The
hierarchical WBS structure ensures cost and performance measurement data integrity and that lower
level costs cannot be allocated to more than one higher-level WBS element.

Analysis and Management Reports

Reflecting a forward looking approach to cost and schedule control that:

e Provides timely visibility into technical cost and schedule progress,

e Generates planningand performance data at the appropriate level to be used by management
inthe decision-making process and provides a sound basis for projecting final costs and future
funding requirements,

e Develops meaningful performance indicators to provide early warning of potential project
problems,

e Identify significant current or potential problems and determine root causes,
e Assess alternative courses of action and take corrective action if necessary, and
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e Systems and computerized tools (e.g., web-based application) supply our project managers,
control account managers, and DOE with real-time data so they know cost and schedule
baselines and expected production status at any given time. Safety and compliance metrics
indicate where management emphasis or worker training is needed. This information enables
project managers and control account managers to measure their performance, detect
variations from expected progress and make corrections early.

The monthly management reporting cycle identifies project performance based on EVMS metrics and
variance analyses. The report also recommends corrective actions as appropriate.

G.9  Procurement Management Plan

All purchases that are over $25,000 are sent out for a formal Request for Quote (RFQ). The RFQ is used
to request price and delivery for goods, materials, equipment and technical services. Bids are evaluated
by various categories: equipment manufacturing process, delivery times and pricing. In parallel with the
RFQ, contractors are required to complete a Prequalification Package. The bidders are evaluated on the
following items: OSHA Incidents, Experience Modification Rate (EMR) rates, specialty and previous
projects, capability and ability to load qualified personnel to the project and financial stability.

A Commercial Bid Evaluationis a detailed comparison of the commercial considerations of the quotation
for the goods and services provided by the bidders versus the specified commercial requirements in the
RFQ and a comparison between the quotations.

A Technical Bid Evaluation is adetailed comparison of the technical characteristics of the goods and/or
services proposed by the bidders versus the specified technical requirements in the RFQ and a
comparison between the quotations. A bid analysis summary is generated for summarizing the
technical and commercial results of the Bid Evaluation and negotiation process. Itis usedto make a
recommendation and to obtain approval to award a Purchase Order. Not all orders are elected by best
pricing; some are selected by best fit for application.

After completing the bidding and prequalification process the successful bidder is issued a Material
Requisition. The Material Requisition transmits the quantity and detailed description of goods,
materials, equipmentand/orservices required for a project. The document also transmits all technical
and schedule requirements, applicable cost codes, the estimated budget, and provides the authorization
to committhe funds. A Purchase Orderauthorizingthe Supplierto engineer, manufacture, ship, provide
and invoice forthe goods, materials, equipment and technical service representatives as specified in the
order. The services provided by the technical service representatives shall be only those that are
normally required for installation or start-up of the equipment being ordered based on standard
practice in the industry. Purchase Orders shall notbe used forany other services. Itisalegal document
and should clearly and concisely cover the essential elements of the agreement. For this project,
services were procured under Cost Reimbursable Fixed Fee contracts, including Davis Bacon Act wage
requirements as they applied to the project.

G.10 Material Management Plan

Materials managementisthe driverbetween engineering execution and construction completion. All
intellectual property and licenses have been obtained.
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Expediting will be heavily involved in the front-end expediting of Supplier and subcontractor drawing
and data deliverables to ensure that engineering can finalize the technical aspects of the design to
supportthe engineering and construction schedules. Expediting will also ensure that Supplier deliveries
are in accordance with construction needs.

The site materials manager administratively takes direction from the materials management manager
but will take day-to-day direction regarding site needs from the construction manager. The site material
manager will coordinate the activities of material control, engineering, purchasing, equipment, and
material compliance as well as coordinate with the project materials management staff to ensure timely
resolution of materials management issues affecting construction and turnover.

Materials managementresponsibilitiesinclude:

e Identification of long-lead items and pre-qualified Suppliers and subcontractors. In addition, the
group will develop and maintain an approved Supplier and contractor list for project materials
and equipment. Our Team places a high emphasis on safety. The safety records of potential
subcontractors are an important evaluation factor.

e Updating requisition lists as scope is finalized and/or as changes occur. It will include a
requisition number, description, a schedule of milestone events based on the site need dates,
and a list of equipment identification associated with each requisition. Requisitions will be
generated foreach package as the authority to obtain quotes and procure goods and services is
received. Each requisition will be pre-approved by project management and will be
accompanied by technical specifications, which define the goods, services documentation
requirements, and suggested sources of approved Suppliers.

e [ssuingRequestforProposals (RFP’s) using existing procedures with current commercial terms
and conditions.

e Receipt, commercial evaluation, and negotiation of proposals

e Preparation of commercial bid summary and submission with the technical bid summary with
recommendation for award

e Preparation and issuance of purchase and contract orders with approval by CF and project
management

e Administration of purchase and contract orders

e Maintaining material status report and meet weekly with project management to review
vendor/contractorstatus regarding vendor drawings, material deliveries, fabrication schedule,
shipping dates, overdue items, and date arrived at site

e Providing expediting of services, equipment, and materials as required. In addition to the
expediting (both internal and external), the expediting team will follow up with all Suppliersona
pre-determined timeframe with the status of all purchase orders relative to the order entry
process, manufacturing progress, and delivery to the site.

e Receiving, storage and dispatching materials and equipment

e Maintaining and updating the Overage, Shortage, and Damaged (OS&D) Materials log

e Resolving OS&D issues with the QA/QC manager
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Materials managementwilluse the reports listed below to provide currentinformation about the status
of procurement status and progress of Suppliers. The frequency of the reportsis adjustable to meet the
needs of the project.

e Requisition Status. This report provides overview information for each requisition that has been
released to procurement. The details include requisition number, description, assigned buyer
information, bidders, bid status, technical evaluation status, bid tab status, and recommended
bidder selection.

e Purchasing Material Status Report. This report provides detailed information about the status of
each purchase order line item and associated item shipments. The details include purchase
order numberand supplement, Supplier name, purchase orderline item, ordered quantity, item
description, item shipments, item shipment quantity, received quantity, delivery information,
required on-site date, and expected or actual arrival on-site date.

Equipmentand materials will be received against a purchase orderwith the equipment and/or material
descriptions, order quantities, received-to-date quantities, and expected quantities. The materials
control receivernotes the current quantity received and relevant warehouse and OS&D information in
orderto post itto inventory. Received equipment and materials will be assigned to a QA/QC warehouse
for inspection. Any discrepancies are recorded in the OS&D reports. The Home Office Procurement
Group will be notified electronically forimmediate action and resolution.

G.11  Quality Management Plan

The Project Quality Assurance Manual is an integral part of the Quality Management System. It
identifies the requirements, with respect to quality, that must be integrated into the Project, and
definesthe responsibilities of each position within the project organization. In addition, the risks that
can potentially affect quality results are identified and mitigation actions described, measurements and
criteriaforquality performance defined, and an implementation plan included that covers the project.
The Project Quality Assurance manual will address, but not be limited to:

e Audits

e ContinuousImprovement
e Orientations

e Quality Control

e SuccessFactors

e Reporting

e Technical Reviews

G.12 Risk Management Plan

An extensive Risk Management Plan (RMP) was used to control financial, technical, and environmental
risks as well as detail the risk management process, methodology, risk analysis results, and mitigation
planning of the whole project from project development through final reporting. The RMP includes the
following sequential risk management steps: risk identification, risk impact analysis and quantification,
risk mitigation strategies development, risk monitoring, and risk documentation.
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The Project Risk Management program will be implemented in keeping with existing project policies,
practices, and procedures.

Each function involved in the project shall participate in the identification and assessment of project
risks. Adisciplined approach isemployed, where the project life cycle is divided into assessable elements
such as function or scope segment to ensure the entire project is considered. Project risks are
categorized in the following 11 project areas:

e Technical
e Cost/Schedule
e Programmatic
Support
o Safety
Contracts
e Owner(Client)
e Regulatory/Permitting/Environmental
e Site (IncludingLocation)
e Commissioningand Start-up
e Shut-down, Turnoverand Outage

Risk Managementis comprised of the following seven steps: Risk Identification, Risk Impact Analysis and
Qualification, Risk Grading Matrix, Risk Management Strategy, Risk Documentation, Risk Mitigation

Strategies, and Risk Monitoring and Mitigation plans for Post Mechanical Completion.

Risk Identification

A formal risk assessment workshop will be conducted to proactively identify project risks. Risks are
identified through discussion by teams of experts, document reviews, and checklists of typical risks
based on previous experiences. Other techniques, while not part of the risk management plan, may
identify potential risks that require more focused management. This includes HAZOP, constructability,
and otherprojectreviews. The risk data from these assessments is used as inputs to the risk registers.
The risk workshops forall aspects of project execution will be planned, scheduled and conducted, with
the output from risk workshops managed from both a qualitative and quantitative aspect.

Identification of new risks will occur throughoutthe projectlife cycle. Risk Managementis proactive and
risk identification will occur early enough to allow time for risks to be dealt with effectively.

Risk impact analysis and quantification including the potential effect of environmental and other
regulatory requirements on the project- Once risks and opportunities have beenidentified, the project
team members categorize the identified risks by probability and severity (consequences) of impact. The
projectteam utilizes judgmentand experience to evaluate eachrisk elementand assess its severity and
probabilities. Foreach event, the team must use the Risk Grading Matrix and categorize each risk based
on its severity and probability resulting in risk grading from 1 (Very Low Risk) to 5 (Very High Risk).
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Table 4-5: Risk Grading Matrix

Severity
Cost Schedule Environmental Personnel Public
< $10K < 2 weeks Amended Permit | No increased Potential public
Filing < $10K risk to plant forums / Public
personnel Relations
outreach
required
$10K - $100K 2 - 6 weeks Repermitting Low risk of Nuisance to
Costs $10K - injury to plant Public < $10K for
$100K personnel remediation
Moderate Risk / $100K- 6 weeks - 3 Repermitting Potential Risk Nuisance to
S1IMM Months costs > $100K / of Injury to public
Risk of Release Plant Personnel | Costs for
remediation <
$100K
S1IMM - 3-4 Months | Findings / Permit Injury to Plant Injury to Public
S3MM Violation / Personnel
Release to
Environment
> $3MM > 4 Months | Violation of Loss of Life Possible Public /
Permits / Fines > Bystander
1MM Fatality or Injury
Significant to Public
Release to
Environment
Probability
Category / Frequency
Criteria Risk Category Risk Strategies Risk Owner
Annual / NA 1-Very Low Risk  Avoid Rentech
Monthly 2 - Low Risk Transfer Engineer
3 - Moderate Risk  Mitigate Supplier / Vendor
4 - High Risk Accept
5 - Very HighRisk

Risk Category / Risk Grading Matrix

1) Negligible 3) Significant 4) Critical 5) Crisis

Probability/Severity
1) Very Unlikely
2) Unlikely
3) Possible
4) Likely
| 5) Very Likely

2) Marginal
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Risk Categories

e Very Low Risk: Normal management practices are sufficient

e Low Risk: Normal management practices should be sufficient, but project team awareness
should be maintained.

e Moderate Risk: Project team should consider each risk event and should exercise their best
judgment. Strong consideration should be given to address the risk elements in the Risk
Management Plan with actions deemed appropriate by the project team.

o HighRisk: The project team shall perform sufficient analysis to assure the event is understood
and appropriate mitigation(s) identified. Risk handling actions are mandatory and shall be
addressed in the Risk Management Plan. Continual tracking of these risks and their mitigating
actions is appropriate.

e Very High Risk: The project team shall perform sufficient analysis to assure the event is
understood and appropriate mitigation(s) identified. Risk handling actions are mandatory and
shall be addressed in the Risk Management Plan. Continual tracking of these risks and their
mitigating actions is appropriate.

Risk Mitigation Document and Strategies

Risk management strategies are produced with the participation of all project functions utilizing the
“what if” approach. The risk management approach is documented in the Project Risk Management
Plan. A risk managementstrategy was developed foreach “High” and “Very High” Risk element and for
“Moderate” risk elements at the discretion of the Project Manager. For “Low” and “Very Low” risk
elements, and “Moderate” risk elements not judged to require documented mitigation plans, the
Project Manager assures that they are controlled through the normal management functions and work
processes.

The Project Risk Management Detailed Plan is prepared and maintained for the life of the project. The
specific contents and level of detail may vary based on the scope of the project, as the project passes
through the gated processes. Cost and schedule contingency analyses, when used as mitigation, are
required to be addressed separately.

Risk Monitoring

To ensure the Risk ManagementPlanis being reviewed and the management strategies are assessed on
a regular basis, formal risk assessment workshops will be conducted at key project milestones to
proactivelyidentify new project risks. Risks can be identified through discussion by teams of experts,
documentreviews, and checklists of typical risks based on previous experiences. Other techniques while
not part of the risk management plan may identify potential risks that require more focused
management. Thisincludes HAZOP, safety integrity level assessment, constructability and other reviews.
The risk data from these assessments willbe used asinputs to the Construction, Checkout, and Start-up
risk registers.

Identification of new risks occurred throughout the project life cycle.
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G.13 Contingency Planning

It isimportantto note that contingency, as defined by the team, is separate from management reserve.
Contingency, as used herein, is the additional funding or schedule to be used at the discretion of the
project leadership to deal with anticipated, but not certain, events in the project. It is not funded or
scheduled to address out-of-scope or out-of-project work. Management reserveis a value separate from
contingency that is established and controlled by the Project Manager. Management reserve is often
created by transferring budget from otherdirectaccounts and targetingan under run. Thisis a provision
made to mitigate project risks.

Rentech certified the minimum 25% contingency as required by DOE in accordance with the terms of the
award. The team completedaline Item Analysis of contingency to establish discrete cash or schedule
values by cost elementand the risk factors associated with it. The analysis uses amethod that examines
the quality of the information available for developing the quantity base and pricing included in the
estimate. The degree of completion of engineering, the sources and firmness of equipment quotes, and
the level of information provided in bids, execution planning, schedule development, third party
influences, and commercial/contractual terms affect the level of contingency applied.

The Project Team managed the allotted contingency with aformal planning and reporting process. Each
respective team project manager maintains their respective schedule and budget contingency underthe
overarching philosophy that contingency is a team resource that deserves focused attention and
control. The project goal is to execute the engineering, procurement, construction, start-up, and
operation without absorbing contingency.

Contingency drawdown was executed in parallelwith the Change Control Board Approvals. Contingency
was notused until Phase 7, Operations, and was used to support the extended commissioning efforts.

Post Mechanical Completion

Rework to address commissioning and debottlenecking issues was managed as out-of-scope or out-of-
project work. There were 12 discrete debottlenecking events that added new scope to the project.
These new scope items were managed in accordance with the overall project cost, scope and schedule
procedures.

4H  Products Developed Underthe Award
H.1 Publications and Presentations

— USDA Biomass Technical Advisory Committee 9/29/10

— Integrated Biorefinery Peer Review in Washington, DC 2/2/11

— Biomass 2011, DOE Annual Conference, National Harbor, MD 7/27/11
— Integrated Biorefinery Peer Review in Washington, DC 5/20/13

H.2 Patents

No project-related intellectual property has been created as part of the DOE funded portion of the
ClearFuels —Rentech Integrated Biorefinery project.
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H.3 Web Site or Other Internet Sites that Reflect the Results of this Project

None.

H.4 Networks or Collaborations Fostered

Throughoutthe course of the project, Rentech team members were part of the industrial partnersin the
Southeastern Partnership for Integrated Biomass Supply Systems (IBSS). This is a partnership between
many Southeastern universities including the University of Tennessee, Auburn University, and North
Carolina State University. This is a project funded by the United States Department of Agriculture

National Institute of Food and Agriculture. Various southeastern woody feedstocks were transported
and tested in the Commerce City facility.
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SECTIONS5 TECHNOLOGIES

5.A  Technology Development Overview
A.l ClearFuels Technology Assessment

The Rentech-ClearFuels High Efficiency Hydro-Thermal Reformer (HEHTR) is an indirectly fired gasifier,
which combusts fuelgas(s) in aburner(s), external to helical process coils in which biomass, steam, char
and syngas are flowing. This external heatingprovides the sensible and reaction heat necessary to achieve
the desired conversion and gas quality.

This gasification technology is unique, due to the beneficial effects of fast or flash pyrolysisof the biomass,
produced as a result of fast particle heating rates due to particle/wall contact, which provides for high
carbon conversions. In addition, the unique helical coil geometry results in volatiles released from the
biomass and char havingto pass throughalayer of very hot char, which catalyzes volatile decomposition
reactions, and results in a low tar content syngas and in particular very low heavy tar contents. Char
catalyzed reactions also allowa high H,:CO syngas to be produced in the HEHTR, whichisauniquefeature
of this technology.

The technology does suffer from limitations in scale-up potential due to limited surface area being
available forfast particle heating, in the early part of the helical coil(s), and ultimately due to potential for
coil deposits building up at high biomass feedrates.

This Final Report provides a brief background on the technology, discusses the specific performance
features of the technology, discussesissuesof importanceforscale-up and design of the HEHTR reformer
and associated equipment, covers in some detail the design tools that have been developed and then
describes critical performance specification of the HEHTR reformer. A simplified diagram of the
Commercial HEHTR is provided below:
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Figure 5-1: Simplified Diagram of Potential Commercial HEHTR Design
The key design features of the commercial HEHTR are:
(i). The ability to control heat fluxalong the length of the process coil, to achieve the desired
skin wall temperature profile.
(ii). Helical coildesign which results in fast biomass/char heating and which results in a hot

char layerup against the outside of the process coil, which catalyzes specific desirable
decomposition reactions.

(iii). A method of steam/Biomass mixing.

(iv).  Potential use of limited air injection, upstream of the HEHTR, to increase initial wall
temperatures in the Reformer.
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A2 PTI Technology Development

The original basis forthe current Rentech-ClearFuels High Efficiency Hydro-Thermal Reformer (HEHTR)
technologyisalicensefortechnology that was developed at Pearson Technologies Inc. (PTI) between 1986
and 2002. The original PTI 5tons per day reformer design was tested at multiple pilot plants. The first pilot
plant wasin Baton Rouge, LA between 1986 and 1989 and operated on lignite feedstock. A second pilot
plantin Winona, MS tested wood and other materials between 1990 and 1997 in conjunction with John
Brown Engineering. Between 2002 and 2007, PTl operated a pilot plantin Aberdeen, MS to test wood,
cornstover, rice straw and several other feedstocks in conjunction with Idaho National Labs and other
parties. ClearFuels jointly operated the pilot plant with PTl in conjunction with Hawaii Natural Energy
Institute between 2004 and 2007. The unit was subsequently relocated to Livingston, AL. Rentech
conducted additional testing at this unit between October 2012 and March 2013.

A.3 Rentech’s Product Demonstration Unit (PDU)

ClearFuels was able to secure DOE funding for an Integrated Biorefinery pilot plant project that was
deployed at Rentech’s Commerce City, CO Product Demonstration Unit (PDU). The plant included a 20 dry
tonperday (DTPD) ClearFuels HEHTR reformer, and all of the associated equipment,and was started upin
2012. Although there were physical constraints to operatingthe reformerat 20 DTPD, there was sufficient
capacity tosupply the restof the plantto perform an integrated run. Successful completion of the DOE
performance test was conducted in February 2013.

NREL operated their Molecular Beam Mass Spectrometer (MBMS) for syngas tar analysis during the
operation of the unit,so Rentech was able to collect detailed information on syngas quality, in addition to
other analytical analysis provided by the Commerce City lab.

A4 Livingston, AL Pilot Plant

As mentioned above, Rentech entered into a contract to operate the PTI 5 TPD pilot plant, located in
Livingston, AL, over the period October 2012 to March 2013. Rentech did this work independent of the
DOE projectto better understand the scale-up issuesthat we wereseeingin the Commerce City PDU unit.
Rentechisincludingthe results of that work in this report asit allows the reader a better understanding of
the ClearFuels technology scale-up. The data from these tests are marked “LIV” in the following.

During the testing program, Rentech relocated its Wasson tar analyzer from Commerce City, CO to
Livingston, AL. The Wassonisan analytical instrumentthat measures real-time syngascompositions; this
analyzer was also funded independently from the DOE Project. In addition, Rentech used a Solid Phase
Adsorbent (SPA) method to determine syngas tar analyses.

Duringthe testing program, Rentech replacedthe existing 2” NB coil with a 106 ft long 3” NB coil. Skin and
in-coil processthermocouples were installed on the new coil. In addition, Rentech installed in-coil gas
sample points on the new coil to investigate reaction progress down through the coil.
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A.5 HNEI Reports from Aberdeen Pilot Plant

Parametric testing was conducted at the 5 ton per day research and development pilot plant at the
Pearson Technology facilitysitein Aberdeen, MS during 2005 through to 2006. Sugarcane bagasse was the
primary feedusedforthesetests and the testing was primarily concerned with evaluating the ability of the
PTltechnologyto make syngasof variable H, :CO ratio. Although the testing was conducted onanominal 5
ton perday pilot plant, the biomass feedratesto the reformer were typically very low at between 9 and 62
Ib/hr(0.1-0.7 TPD), on a dry basis.

A.6 Brightstar SWERF, Whytes Gully, Australia

During Rentech’s commissioning exercise, Brightstar SWERF was contracted to consult and advise on their
experiences. Brightstar Environmentalwas unsuccessful in deploying the PTl technology in Australia. This
reformer had 6 x 3” NB coils at a helix diameter of approximately 10 ft. The Reformer was designed
similarly to the PDU reformer with a cylindrical can and single floor-mounted burner, although a
convective bank was mounted above the radiant section. Although designed for approximately 100 tons
per day (1390 dry Ibs/coil), the unit had similar operational issues and conversions.

5.B  Original Hypotheses

The original hypothesis of the project was to use biomass derived syngas from wood and wood-bagasse
mixtures to generate drop-in renewablefuels by placing a biomass gasification unit at Rentech’s Gas-to-
Liquids demonstration facility in Colorado. Rentech selected ClearFuels gasification technology (HEHTR)
because there were thousands of hours of operation at a 5 TPD pilot scale which showed syngas with a
wide variety of hydrogen to carbon monoxide ratios and low tar. The original technical and commerecial
hypothesis was that this gasification unit could produce syngas with a high overall thermal efficiency and
that tar quantity from previous work could be managed.

The other original hypothesis was that this syngas could be cleaned up and fed to Rentech’s Fischer-
Tropsch unit. The detailed objectives and accomplishments are listed above. The original hypothesis on
project cost was a total project cost of approximately $35 million. Because of some of the design and
operational issues described in detail in this report, the total project cost was approximately $42 million.

5.C IBR Operational Periods

The overall project can be broken into four overall time frames for understanding the data better.

PERIOD 1: From December 2009 through October 2011, the major project activities were
Engineering, Procurement and Construction of the new equipment at Rentech’s existing
Gas-to-Liquids (GTL) demonstration facility.

PERIOD 2: From November 2011 through September 2012, the main project activities were
commissioning and initial operations of the new equipment. This included the
replacement of the WHB with a water quench, the addition of new process equipment,
such as the new solvent or oil scrubber unit and filtration equipment to handle the
unanticipated tar loading produced by the gasifier (HEHTR).
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PERIOD 3: From September 2012 through January 2013, the project produced biomass
derived syngas and blended into the natural gas derived syngas. This blend was used to
feedtothe Rentech Fischer-Tropsch unit and product upgraderto produce diesel fuel. A
blend was used to determine if there were any unknown side effects on the FT system.
This is also referred to as IBR Run 1 Period.

PERIOD 4: February 2013, duringsupervision by the DOE Independent Engineering Team,
the project completed approximately 200 hours of integrated biorefinery operation
using more than 96% of the biomass derived syngas from the HEHTR. s also called the
DOE Run or IBR Run 2. This report will focus on this period for data presentation.

5D Process Block Flow

The overall project block flow diagram is shown in the following graphic. Biomass was prepared and
gasified in the HEHTR. The syngas was then conditioned and cleaned up and then sent to the Rentech
Fischer-Tropsch Unit. The long chain hydrocarbons produced by the FT Unit were upgraded to final
diesel product in a hydroprocessing unit.
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Figure 5-2: Original Block Flow Diagram of Rentech's Integrated Biorefinery. This figure does not show
the Solvent Scrubber, FT Recycle, and Quench.

The main focus of this grant was the construction and operation of a large integrated pilot showing the
production of renewablefuel fromwoody biomass. The project was located in Commerce City, CO. The
project builtand operated a biomass gasification system at Rentech’s Gas-to-Liquids demonstration site.
The photographs below show the site and some of the new equipment that was added to the site as
part of this project.
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Figure 5-3: Integrated Biorefinery in Commerce City, CO. The right one-third of the site was built as
part of this project

47MIL

Hopper
Figure 5-4: IBR Front-End Equipment — Purchased for Project
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Figure 5-7: IBR Wastewater Treatment Plant — Building and Membrane were purchased for the
project. Water Tanks were repurposed for Project

5.E  Summary of Performance Test

The DOE performance test performed and was overseen by the project Independent Engineer (1E) during
operations PERIOD 4. For this test a feed stream containing more than 96 percent biomass derived
syngas from the Rentech-ClearFuels gasifier unit was fed to the Fischer-Tropsch (FT) Reactor for
approximately 200 hours. During the run, the Rentech-ClearFuels unit processed a range of biomass
feedstocksincludingwood pellets, wood chips, and 50/50 bagasse/wood mix, and produced syngas with
an average H,:CO ratio of 2.1 at an average syngas productivity of 22.3 SCF/Ib dry biomass. Over the
course of the performance test, 1096 gallons of product were produced, with an average of 24.9 gal of
Diesel / dry ton biomass and a daily best of 34.7 gal of Diesel / dry ton biomass.
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Table 5-1: Summary of Performance Run Conversion and Yields

PDUDOE PDU DOE . .
. . . Commercial Design
Demonstration (avg  |Demonstration (single .
Unit (pro-forma basis)
overtest run) day)
Biomass Feed to Gasifier dry tons 43.5 3.2 1000.0
ClearFuels Reformer CO Yield SCF FZOIIb dry 5.3 6.0 9.1
biomass
FTCO Yield gallons/Ibmole CO 0.96 1.17 1.11
Avg Upgrader Yield gal [/ gal 0.594 0.94 0.958
Product yield gal 1095.8 112.2 50957.4
Cumulative yield gal products / dry ton 24.9 34.7 51.0

5.F  Major Lessons Learned

The single mostimportantlesson learned was that more time was needed to commission and start-up
the demonstration unit. A more detailed description of specificitems that contributed to the delay in
operations is available later in the report, as summary is provided below.

e Missed appropriate scale-up parameters from Pilot Plant.
e Re-validate Pilot Plant data.
e Technical Review of other applications of the technology.

5.G  Material Handling

Biomass is received at a moisture content of nominally 50% and at varying sizes up to two inches. The
material is ground to the desired particle size of less than %4”. It is then dried in a vibratory bed dryer
using waste hot fluegas from the Rentech-ClearFuels Reformer (or the High Efficiency Hydro-Thermal
Reformeror HEHTR), plus supplemental steam. Fines from the dryer are collected in a Baghouse before
the dryerventis discharged to the atmosphere. The dried biomassis then transported pneumatically to
the Feed Hopper. The dried biomass is fed from the Feed Hopper into a proprietary steam/biomass
mixer, whereitis mixed with superheated steam and injected through externally heated helical coils in
the HEHTR.

Feedstock flow rate tothe HEHTR is controlled via the speed control on the Reformer Feed Dispensing
Screw (FIC-1407). The measured feedstock dried density and moisture content exiting the Dryer are
used as inputs to determine the dried biomass bulk density, and this calculated parameteris used to
automatically calibrate the output from FIC-1407, for a given measured screw speed (SIC-1407).
Althoughthe screw speedis used by Operations tosettargetfeed flow rates and to control the process,
this feed flow rate has not been found to always be accurate, so the integrated Weigh Belt Feeder
reading (WIC-1013) is used instead to determine the amount of biomass fed to the HEHTR reformer over
each 24 hour reporting period. The Weigh Belt Feeder calibration check was run during the DOE Run,
and was found to be accurate to within +/- 1%.
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To determine the feedstock fed to the HEHTR each 24 hour reporting period, using the Weigh Belt
Feeder, the Weigh Belt Feederoutputinlb/hr (WIC-1013) is averaged overthe 24 hourreporting period.
This total x 24 hrs/day provides the total weighed “as received” biomass that is fed to the Grinder &
Dryer forthe period. The measured “as received” feedstock moisture is used to correct this weight to a
bone dry basis. Corrections are then made for the level change in the Feed Hopper for that period,
weight of fines collectedinthe Dryer Baghouse and weighed fines collected at the Dispensing Screw and
Rotary Valve ventsforthat reporting period. These values are also corrected using the measured Dryer
product moisture and the measured moisture of the fines, to obtain these weights on a bone dry basis.
The bone dry feedrate to the HEHTR is calculated by difference for the reporting period.

As the feedrate usingthe Weigh Belt Feederreadingis calculated only once areporting period, whereas
the calibrated feed screw feedrate is continuously reported in the DCS and Pl systems, the feed screw
reading may be shown below on some of the trends, but note that this reading may not equal the
feedrate reportedinthe DOE Run Summary Data (Section 4.0), which s calculated using the Weigh Belt
Feeder method described above.

5H Biomass Gasification

The HEHTR technology is an indirect-fired entrained flow reformer that is heated by combustion of
natural gas, or by tailgas from the Rentech FT process (not utilized for the DOE Test Run). Biomass and
steam are converted to syngas inside the HEHTR tubes in a rapid, one-step process. By processing the
cellulosic feedstocks into a uniform size and moisture content prior to introduction to the HEHTR, the
conversion reactions are more easily controlled. By using an indirect-fired design with steam as the
transport medium ratherthan oxygen orair, the Rentech-ClearFuels process reduces the introduction of
nitrogen and limits contamination of the syngas by combustion products. Ageneral arrangement of the
HEHTR is provided below in Figure 5-8.

After exiting the HEHTR Reformer, the syngas passes through a quench to cool the syngas to a
temperature suitable for the downstream non-refractory lined equipment. Previously a Waste Heat
Boiler was planned to recover the heat from the syngas. However, fouling problems prevented that
boilerfromworking correctly and it was replaced with a water quench system that was used during the
DOE Independent Engineer performance test. Fluegas from the HEHTR is sent through a Steam
Superheater, a Heat Recovery Steam Generator (HRSG) to produce steam for biomass transport and
process steam, and then the fluegasis used in the Dryer to remove moisture from the biomass prior to
exiting from the Dryer Baghouse stack.
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5.1 Primary Syngas Cleanup and Compression

Following the syngas quench, two cyclones in series are used to remove char and ash from the HEHTR
syngas. The syngas is then routed to a packed oil scrubber followed by a venturi and packed water
scrubber to remove particulates and tars, before the syngas is routed to an additional stage of cooling
and liquid knock-out and sock filters, for final particulate removal. The syngasisthen compressed in the
Booster Compressor, priorto additional compression and contaminant removal steps, as outlined in the
Unit 300 DOE Run Report.

5.J Secondary Syngas Conditioning
Figure 5-9 presents the process flow diagram of syngas conditioning unit configuration during DOE IBR

run periods. It consists of syngas compression, COS hydrolysis unit, TEG, AMINE, Carbon Bed,
Membrane, PSA and ZnO bed.
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Figure 5-9: Syngas Conditioning Unit Process Flow Diagram

n biomass gasification avariety of trace contaminants are known to be formed and must be accounted
forindownstream processing and synthesis gas conditioning. For example, hydrogen sulfide can cause
corrosion and many trace species are catalyst poisons. Table 5-2 provides a list of contaminants of
concern for FT; however, the use of iron in FT is generally more forgiving because of the higher
concentration of active phases in the catalysts. Comprehensive measurements were made for all of the
trace contaminants on 2/12/2013 and 2/26/2013. All of the trace contaminants were below detection
limits as showninthe last column of Table 5-2. Trace sulfur measurements were made online and more
frequently and will be discussed further. Ammoniais often listed in such tables, but experiments in the

CONFIDENTIAL — Red italics represents proprietary information Page 42



PDU CSTR laboratory found no detrimental effect even at high ppm levels. A significant effortis devoted
to syngas cleanup and monitoring to prevent catalyst deactivation by poisoning or other detrimental
effects. Itwas planned to use GC/MS in selected ion mode to help monitortrace species, but this proved
impractical duringthe IBR run and a combination of online analyzer, sulfurselective detection and stain
tubeswere used for monitoring. It was not possible to determine some species in the presence of H,S
because of interferences, so the complete trace analysis was performed on finished FT syngas feed
where the gas was the cleanest.

Table 5-2: Typical Syngas Contaminants of Concern as FT Catalyst Poisons

Poison Maximum Literature* FT | Maximum Rentech | @ AE-3420 FT Feed;
(ppmv) Iron FT (ppmv) PDU IBR (ppmv)

COS +H,S 0.1 0.5 <0.02

HCN 0.01 1.0 <0.1

HCl 0.01 0.25 <0.05

AsH3 0.25 <0.1

PH3 <0.1

Metal Carbonyls <0.1

NOx 0.1 <0.04

Total of poisons 1.0 <10

*Review of Technologies for Gasification by E4Tech, NNFCC project 09/008

During the DOE Run, biomass derived syngas from the ClearFuels gasifier was blended with a small
amount of SMR-derived syngasin orderto maintain the syngas compressorsuction pressure. This nearly
100% Biomass derived raw syngas was first sent to the COS hydrolysis unit to convert COS into H,S and
then sent to further compression before reaching TEG unit. The function of TEG unit was primarily to
remove BTEX compounds from the biomass derived syngas stream. After the TEG unit, syngas was then
sentto the AMINE unitto remove CO, and bulk H,S contentin the syngas. Afterthe AMINE unit, Syngas
was passed through the membrane unit operation to adjust proper H,/CO ratio for downstream FT unit
operation. The permeated gas H, rich stream was sentto the PSA unitfor the required hydro-processing
demand in the product upgrading unit. Before sending the feed to the FT reactor, a ZnO bed removed
the trace amount of sulfur remaining in the syngas.

5K FT Process Overview

The Fischer-Tropsch reactor utilized by Rentechisaslurry bubble column. Synthesis gas is fed into dual
ring gas distributors at the reactor base through a mixture of catalyst and liquid hydrocarbon products
(primarily wax). At the start of a run the reactor is pre-filled with a synthetic oil base stock and this
inventory of start-up oil is gradually replaced with FT products as the reaction proceeds. The catalystis
an iron based FT catalyst. During a typical run, an initial load of fresh catalyst is added along with the
start-up oil and activated as one large batch. During activation the iron in the fresh catalyst is
transformed from ferrihydrite to a mixture of iron carbides and magnetite through dehydration,
reduction, and carburization. The reactor system also has the capability of online catalyst removal and
addition. Small (15-301b) batches of fresh catalyst are activated in a small slurry bubble column Catalyst
Activation Reactorfilled with start-up oil. Following the completion of a CAR activation, the activated
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catalyst is pushed to the FT reactor using pressurized nitrogen. Catalyst may be withdrawn from the
underflow of the slurry loops below the gas disengaging section. The FT reactor contains two external
slurry loops that are described below.

Both external slurry loops are made up of a settler feed line, gas disengaging section, settler, and
underflow slurry return. The settlerfeed line is located part way up the reactor, the degas loop returns
near the top of the reactor, and the slurry return re-enters the reactor near the gas distributors at the
bottom. The circulation of slurry in the sidearms is driven by the density difference between the
degassed slurry and the slurry at the return and the liquid head above each sidearm. Each underflow
contains a valve that can be used to regulate the slurry circulation rate. Increased slurry circulation
gives improved catalyst fluidization, but increased circulation also puts an increased load on the
degassing section.

The settlersinthe two loops are different dimensions with one having an 18” diameter and the othera
12” diameter. In addition, the 12" settler is equipped with an electromagnet. In the 12" settler
separation of catalyst from wax is achieved by magnetically enhanced settling. The electromagnet
contains twoindependently adjustable electromagnetic coils. The applied axial magnetic field from the
coils magnetizes the catalyst particles leading to magneticagglomeration. These magneticagglomerates
are then swept out of the bottom of the settler by the liquid flow in the cone section. The “clean” wax
can be continuously removed from the settler overflow. The “clean” wax goes through an additional
cross flow filtration in orderto meetthe iron contentrequirements of the upgrading unit. An overview
of the 12” slurry loop along with a picture of magnetically enhanced settling is shown in the following
figure.
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Figure 5-10: Schematic of FT Reactor Sidearm and Magnetically Enhanced Settling

The overhead gaseous products (mid-distillate, naphtha, water) leave the top of the reactor and
are cooled and condensed. A portion of the non-condensable gases including unconverted hydrogen
and carbon monoxide are fedtoarecycle compressorand blended in with the fresh syngas feed to the
FT reactor.

The heat from the exothermic reactions in the FT reactor is removed using hot oil flowing
through internal cooling coils. The two key reactions Fischer-Tropsch and Water Gas Shift are listed
below along with their heats of reaction.

FT Reaction : (1+m/2n)H, + CO = (1/n)C,H,, + H,0 (165 kJ/mol)
WGS Reaction: CO+H,0 © H, +CO, (41.3 kJ/mol)
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Side reactions also occur, producing alcohols and other oxygenates, and the Boudouard reaction
produces carbon and CO, from CO.

5L Upgrading / Refining Process Overview

The main operation objective for IBR DOE Run was to achieve on specification ASTM D-975-06b No. 2D
S-15diesel fuel, usinglow conversion FT liquid products at the same ratio they were produced from the
FT reactor. The run was executed whilerunning both the Hydrotreater (HT) and Hydrocracker (HC) with
a single vacuum column V-5706. Determine product specifications, product yields and hydrogen
consumption.

A drawing of the unit configuration is shown in Error! Reference source not found. and the equipment
listisincludedin Figure 5-12. The unit configuration shows stream numbers, sample locations and LIMS
reference numbers, mass balance battery limits and major equipment numbers. The equipment list
shows the major equipment numbers listed in the unit configuration with referenced descriptions.
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H H
Equipment List
G Vessel Number Vessel Description G
V-5101 Feed Stripper
— R-5202B 1st Stage LFTL Hydrotreating Reactor —
R-5202C 2nd Stage LFTL Hydrotreating Reactor
V-5208 1st Stage Hydrotreating Separator
E V-5301 Hydrotreater HTHP Separator E
V-5303 Hydrotreater LTHP Separator
V-5304 Hydrotreater HTLP Separator
] V-5306 Hydrotreater LTLP Separator —
V-5401 Hydrotreater Naphtha Column
V-5404 Hydrotreater Naphtha Column Reflux Drum
E V-5801 Naphtha Stabilizer E
V-5601 Hydrocracker HTHP Separator
V-5603 Hydrocracker HPLT Separator
] V-5604 Hydrocracker HTLP Separator T
V-5606 Hydrocracker LTLP Separator
V-5701 Hydrocracker Naphtha Column
D V-5701 Hydrocracker Naphtha Column Reflux Drum D
R-5502A 1st Stage Hydrocracking Reactor
_ R-5502B 2nd Stage Hydrocracking Reactor o
V-5107 Hydrocracker Feed Surge Drum
V-5706 Vacuum Column
V-5709 Vacuum Column Reflux Drum
c V-5901 Vacuum Pump Suction K/O Pot c
V-5211 2nd Stage Hydrotreater Separator
— R-5205 Hydrotreater Unisar Reactor —
V-5508 Hydrotreater Iron Guard Bed
B B
DRAWN BY
EBUSTAMANTE
DATE
03/04/13
TITLE
A Upgrading Unit Equipment List A
IBR DOE Run
02/25/13 — 02/26/13
8 7 6 5 4 3 2 1

Figure 5-12: Upgrader Unit Equipment List
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5.M  Analytical

In any process, the tasks of operation, measurement and control are inexorably coupled, and it is often
said that in order to control something, it must be measured. This maxim was applied to the processes
of the IBR at Rentech’s PDU. The purpose of this document is to briefly describe analytical and
measurement procedures required by plant operators and plant laboratory personnel for proper
operation and control of the IBR and assurance of product quality. A brief summary of describing sample
points and measurements of interest is also given.

M.1  General Laboratory and Process Analytical Description

The measurement of composition of various PDU process streamsis needed to optimize unit operation
and to validate and refine engineering models. In addition, analytical chemistry is used for quality
control (QC) to validate product specifications. Most streams and products can be sampled in an offline
mode for laboratory analysis; however, process analyzers are used to make online measurements of
several streams in which fasterturn-around time and more frequent analyses are desired or necessary.
Offline samples were designated with a Pl “tag” of the form “AO-XXXX,” where AO stands for “analysis
offline” and “XXXX” would typify a four digit equipment numeric, such as a valve, piece of equipment,
etc. Similarly, on-linesamples were designated with the prefix “AE,” standing for “Analyzer Equipment”
that is connected directly to the process, from which samples are taken and analyzed automatically. In
many gas sample locations, we can take both online and offlinesamples, e.g.,inacylinder. Plis the data
archival system and platform that is used to consolidate operational, analyzer, instrument, laboratory
and engineering data. The laboratory tracks samples with a Laboratory Information Management
System (LIMS) from which unique reference numbers are assigned to individual samples for analysis.

Offline samples were typically analyzed in the site laboratory or could be sent outside for contract
analysis. The in-house analytical laboratory is well equipped with gas chromatographs, spectrometer,
titrimeters and other various analyzers for most plant and operation needs. In some cases, we have
used outside laboratories for specialized tests, such as Scanning Electron Microscopy (SEM); XRay
Diffraction (XRD) and ultimate and proximate analyses. Two analyzer shelters are used to house the
process analyzers for gas analysis. One (the new shelter) is used for NREL's Molecular Beam Mass
Spectrometer (MBMS) for tar analysis. The original Rentech shelter houses analyzers for bulk and trace
syngas analysis.

A Quality Assurance program is an integral part of delivering consistently good analytical results.
Rentech Analytical Services utilizes ASTM D 6792 (Standard Guide for Quality System in Petroleum
Products and Lubricant Testing Laboratories) and ASTM D 6299 (Standard Practice for Applying
Statistical Quality Assurance Techniques to Evaluate the Analytical Measurement System Performance)
as a basis for its Quality Assurance Program. This program includes numerous aspects related to
planning, training, calibration, quality control, auditing, reporting, stated quality goals, customer
satisfaction and continuous improvement. Many of the analytical methods have established QA/QC
procedures, such as the use of Quality Control standardsin orderto ensure method compliance. Quality
management concepts and principles advocated in ANSI/ISO/ASQ Q 9000 standards and I1SO Guide
17025 forms the basis of ASTM D 6792. The basic components of this program are as follows:

e Calibration, testing check or QC samples
e Plotting results and looking for trends, problems or errors
e Determining repeatability
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e Participation in inter-laboratory cross-checks and studies

e Training and validation

e Documentation: methods; standard operating procedures
e Quality Control procedures for each method and procedure
e Evaluation of laboratory performance

M.2  On-line Analyzers

Two analytical shelters were part of the process. The Analytical Shelter 1 is used to house the PDU
process analyzers. Analytical Shelter 2 was installed to house the NRELTMBMS. Airin the sheltersis
conditioned and the insidetemperature is maintained ata comfortable level that is conducive of stable
instrument operation and ease of maintenance. Air is taken from above the shelters and used to purge
the shelter continuously. Gas monitors are placed inside the shelters to ensure a safe environment.
Gases for operation and calibration are located outside the shelters, or provided from plant utilities,
along with heated sample conditioning and a stream selection system. Heat traced tubing bundles are
used to bring process samples to the analyzer houses to help maintain sample integrity and to avoid
condensation issues. Sample conditioning consists of use of membrane and filter devices to protect
equipment from contamination. The sample conditioners have a built-in purge system that additionally
has fast-loop functionality.

Process analyzers are used to measure gas stream composition and impurities. Table 5-3 describes the
online analyzers and their major functions. The MS provides a rapid (seconds timescale) bulk
compositional analysis (H2, H,0, H,S, CO, CO,, CH,4, C,Hg, C,Hy4, N5, O,, etc.). Each of the syngas
streams will be analyzed approximately every 2 minutes and results will be fed back into the DCS. The
GC/MS is used to measure trace species, particularly hydrocarbons and oxygenates and especially for
catalyst protection and verification of unit operation. The process GC acts as a refinery gas analyzer,
beingable to measure permanent gases as well as hydrocarbons, potentially up to C,,. Results for the
process GC are particularlyimportantforaccurate modeling. The total sulfuranalyzer is a very sensitive
instrument capable of measuring total sulfurdown to about the 25 parts perbillion concentration range
for protecting the FT catalyst. Normal process variability will be observed as noise and drift in the
baseline of the analyzer outputfrom ambient planttemperature swings, pressure, and nitrogen content
of syngas. So for practical purposes, occasional spike above the detection limitisto be expected. A brief
description of the online analyzers is given in Table 5-3.

Table 5-3: Description of Online Analyzers (Rentech Shelter)

Analyzer Use

MS Rapid bulk compositional analysis

GC/MS Trace impurities, hydrocarbons, oxygenates
GC Refinery gases, bulk fixed and hydrocarbons
Total sulfur (Sola) Trace total sulfur analysis down to ~ 25 ppb S
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M.3  Offline Laboratory Analyzers

The Analytical and Fuels Testing Laboratory is equipped to make chemical and physical property testing
to aid Catalyst Development, Engineering, plant operation and quality control of products. The
laboratoryis able to provide most of the typically needed analytical services. In addition, the laboratory
prepares small batches of catalysts and operates microreactors, such as Continuously Stirred Tank
Reactors (CSTR), in order to further evaluate FT catalysts. Special samples or samples needing
specialized analyses will frequently need to be sent to outside testing facilities.

The Analytical Laboratory has capabilities to measure solids content via gravimetric filtration methods,
centrifugation, gravimetric loss on ignition, and thermo-gravimetric analyzers. It has several GC and
GC/MS analyzers. MS is useful for detection of species that cannot be detected by other GC detectors,
especially well-suited for analysis of unknowns, composition and trace analysis. Supercritical Fluid
Chromatographyis used fortotal aromatics in diesel and olefins in gasoline. A specialized GC is used to
determine boiling point distribution of materials by way of what is called “Simulated Distillation.” This
techniqueiscalled outinfuel specification practiced as ASDT D2887. It can rapidly determinethe boiling
point distribution with high accuracy and precision with a small amount of sample (<2 mL) in a largely
automated process. A similar high-temperature GCis used for the analysis of wax andis able to speciate
hydrocarbons up to and exceeding carbon number 100. Atomic absorption spectroscopy is used for the
analysis of metalsinfuels, intermediate products, wax, etc. The Analytical Laboratory has the ability to
perform the following ASTM tests / methods:

e Viscosity, APl Gravity/Density/Relative Density (Anton Paar)

e Ash Content Test, Cloud/Pour/Freeze Point (Phase Technologies 70X)
e Flash Point (Stanhope-Seta Pensky-Martens Closed Cup)

e Sediment and Water (Centrifuge)

o Water Content (Karl Fischer Titration)

e Cetane Index (Calculation Only)

e Copper Corrosion

e Distillation Test

e Acid and Base Numbers

e Bromine Number

In addition, the laboratory was equipped to characterize catalysts and materials using a variety of
techniques such as optical microscopy, particle counters, etc. A brief description of our catalyst
characterization by BET, TPR, XRD and Md&ssbauer spectrometry follows.

BET is the primary characterization tool for all types of catalyst. It measures the surface area, pore
volume and pore size. BET is performed using a Micromeritics Tri-Star [l. Samples are degassed under
UHP nitrogen at 50°C for 30 minutes, 75°C for 30 minutes, and 100°C for 4 hours. After degassing, the
sample tubesare insertedinto the Tri-Star Il and the instrument is started. Samples are immersedin a
dewar containingliquid nitrogen forthe duration of the test. Both adsorption and desorption curves are
acquired. Upon completion of the desorption curve, the analysis is completed (usually runs 9-12 hours
depending on sample type). The data analysis is done using the MicroActive Data Master software.

Temperature Programmed Reduction (TPR) is performed on all calcined catalysts. The testis performed
using a Micromeritics ChemiSorb 2750. Samples are degassed under nitrogen for 1 hour at 100°C. A

CONFIDENTIAL — Red italicsrepresents proprietary information Page 51



furnace is placed around the sample tube and a liquid nitrogen-ICP ice bath is prepared and placed
around the cold trap. The furnace is programmed to reach as high as 1000°C. During the test, the
catalystis reduced, and usually there are two reduction peaks. The temperature at which the catalyst is
reduced is used to set the parameters for the CSTR runs.

XRD analysis is performed on all types of catalyst samples (filter cake, uncalcined, calcined, washed).
XRD is done at the Colorado School of Mines in the Physics Department, using a Siemens Kristalloflex
810 Diffractometer. Samples are either packed into an aluminum sample plate or mounted using
double-sided tape. The parametersfor most scans are from 20-70 degrees, step size of 0.05, and count
time of 2 seconds. For washed catalyst, sample parameters are from 5-100 degrees, step size of 0.05,
and counttime of 28 seconds. Some samplesare prepared with a 10% ceriamixture in orderto quantify
hematiteinthe sample. XRDis usedto identify whether or not the sample is crystalline or amorphous,
and also what types of iron are present in the different stages of the catalyst sample.

SEM, Scanning Electron Microscope, is usually performed on washed catalysts, but has also been done
for uncalcined and calcined catalysts. Samples are prepared by covering one side of a sample mount
with double-sided SEMtape, and coating the tape with a single layer of catalyst particles. SEM samples
are submitted to the Colorado School of Mines, and the instrument used is a JEOL 840 SEM with a PGT
X-Ray analyzing system. From this test, the surface of the catalyst can be viewed at several different
magnifications (100x, 200x, 1000x).

Mossbaueranalysisis performed on wax samplesfromthe CSTR Lab or the PDU. Samples are melted in
the oven and homogenized, and a small aliquot is added to a jar of xylene. The wax and xylene are
mixed thoroughly and then vacuum filtered to remove the liquid. What is left is the “pre-washed”
material, usually with the consistency of a paste. This process removes enough of the wax so that it will
not interfere with the Mdssbauer analysis, but not so much as to oxidize the iron in the sample.
Mossbauerisanotherway to identifyand quantify the iron phases in the catalyst at different stages of
the reaction. A small amount of the “pre-washed” material is placed in between layers of non-
absorbent tape and the analysis is run at 20K and 30K, usually over a period of 24 hours or longer.

M.4  SYNGAS

Sample points, their descriptions and typical analyses that were performed or could be useful are given
inTable 5-4 below. This table includes the bulk and trace components analyzed as described above. In
the case of the IBR, the determination of tar was of particular interest and will be described below. Tar
was determined principally by NREL's Molecular Beam Mass Spectrometer (MBMS), which was installed
in a new analyzer shelter located adjacent to the CF gasifier. Tar measurement by MBMS compares
favorably with traditional offline impinger sampling (Carpenter, et. al., Energy & Fuels, 2007 (21) pp.
3036-3043).

CONFIDENTIAL — Red italicsrepresents proprietary information Page 52



Table 5-4: Typical Syngas Related Sample Points and Analyses

Pl Tag Sample Description Analyses

AO-3404C Between C Bed NH3, AMINE

AO-NGF1 NG Supply from XCEL Sulfur, HC Composition,

A0-0612 Mixed NG and H2 Feed Before HX-101 HC, H2, CO, Sulfur Composition

AO-V101 Mixed NG and H2 Feed After V-101 DS unit HC, H2, CO, Sulfur Composition

AO-V102 Mixed LP Fuel to SMR burner HC, H2, CO, CO2, N2

AO-3502A Horizonal membrane V-3502 permeate CH4, H2, CO, CO2, N2

AO-3502B Horizonal membrane V-3502 residue CH4, H2, CO, CO2, N2

AO-3404A CBed Inlet NH3, AMINE

AO-3404B C bed outlet NH3, AMINE

AO-3110 AMINE reboiler bottom pH, water, color, appearance, foaming, heat stable salts
AO-3102 Rich AMINE from sock filter pH, water, color, appearance, foaming, heat stable salts, loading
AO-3103 Rich AMINE from C filter pH, water, color, appearance, foaming, heat stable salts, loading
AO-3109A AMINE reflux from accumulator pH, water, color, appearance, foaming, heat stable salts, loading
AO-3109B AMINE reflux from accumulator pH, water, color, appearance, foaming, heat stable salts, loading
AO-3112 AMINE reclaimer bottom pH, water, color, appearance, foaming, heat stable salts
AO-V2065 Off-line Sample, Flue Gas after Ash Cyclone Benzene, H2S, Sulfur Compounds

AO-V2168B Off-line Sample, Liquid from Quench Chamber TOC/Aromatics/Anions|C

AO-E3102 Syngas to COS Hydrolysis Water content

AO-3102A Syngas from COS Hydrolysis H2S/C0S

AO-3102B Syngas from COS Hydrolysis H2S/COS

AO-V3026 Rich TEG from TEG Contactor TEG/water

AO-E3037 Lean TEG to Contactor Benzene/water

AO-V3401 Syngas to Amine TEG

AE-2062 Syngas from CF Reformer Tars

AE-2163 Syngas after Steam Generator Tars

AE-2168A Syngas from Quench Chamber V-2168 Tars

AE-3026 Syngas to TEG from C-3001 Benzene/water

AE-3400 Syngas from TEG After V-3401 Benzene/TEG

AE-3076 Syngas from CF Reformer Booster Compressor Gas Comp, poisons (+NO)

AO-2150 Tar/Oil post make-up Tar, solids, viscosity, density

AO-2150D Dump Tar/Qil Tar, solids, viscosity, density

AO-3073 Booster Compressor Lubricating Oil Visual, viscosity, density

An off-line ECN Solid Phase Absorption (SPA) method and analyzer based on GC/FID from ECE Wasson
(Ft. Collins, CO), were used for field work. The SPA method in comparison toimpinge sampling has been
describedin detail elsewhere (Brage, et.al., Fuel, (1997) Vol. 76 No. 2, pp. 137-142. The key to successful
samplingand analysis is to sample at temperatures of 350°C or preferably hotter and to avoid any cool
condensation points, so as to avoid loss of the heaviest aromatic hydrocarbons. In the case of the SPA
method, condensation occursinthe SPA cartridge, so a coolertemperature is preferred forthe cartridge
itself, but notthe connective tubingthatlead to it. In the case of SPA, if itis too hot, then the opposite
problem can occur, such that loss of naphthalene or more volatile species can occur from vaporization.
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FT-related samples, descriptions and typical analysis options are shown in Table 5-5 below.

M5 FT

Table 5-5: FT Related Sample Points and Analyses

Pl Tag Sample Description Typical Analyses

AO-V4203A Wax Withdraw from 18" Settler Overflow % Solids, PSD, Microscope, Sample Wt.
AO-V4203AA Wax Withdraw from 18" Settler Overflow % Solids, PSD, Microscope, Sample Wt.
AO-V4203B Slurry Return from 18" Settler Underflow % Solids, PSD, Microscope, Sample Wt.
AO-V4202AA Wax Withdraw from 12" Settler Overflow %Solids, PSD, Microscope, Sample Wt., High Temp GC
AO-V4202A Wax Withdraw from 12" Settler Overflow % Solids, PSD, Microscope, Sample Wt.
AO-V4202B Slurry Return from 12" Settler Underflow % Solids, PSD, Microscope, Sample Wt.
A0-4202BB Slurry from 12" Settler Outlet Line % Solids, PSD, Microscope, Sample Wt.
AO-V4302A Mid-distillate from Hot Effluent Separator NAQ

AO-V4302B Water from Hot Effluent Separator AQ

AO-V4304A Mid-distillate from Warm Effluent Separator NAQ

AO-V4304B Water from Warm Effluent Separator AQ

AO-V4402A Naphtha From Cold Effluent Separator NAQ

AO-V4402B Water From Cold Effluent Separator AQ

AO-V4403 Naphtha From Naphtha Product Drum NAQ, M-426(Acid #)

AO-V4501 Mid-distillate from Mid-distillate Prod. Drum NAQ, M-426(Acid #)

AO-V4501A Mid-distillate before filter Metals by AA

AO-V4501B Mid-distillate after filter Metals by AA

AO-V4502 Water from Water Prod. Drum AQ, M-420(Acid #)

AO-V4601 Raw Wax from Wax Product Drum % Solids, PSD, Composition, Microscope, Sample Wt., Metals AA
AO-V4604 Clean Wax from Clean Wax Product Drum Metals by AA, Sample Wt.

AO-V4675 Wax from LCI Wax Surge Tank (Skid 1) % Solids, PSD, Microscope, Sample Wt.
AO-V4681 Wax from LCI Wax Surge Tank (Skid 2) % Solids, PSD, Microscope, Sample Wt.
AO-F4676 Clean Wax from LCI Membrane (Skid 1) Metals by AA, Sample Wt.

AO-F4682 Clean Wax from LCI Membrane (Skid 2) Metals by AA, Sample Wt.

AO-R4201SP1

Slurry Sample from FT Rx

% Solids, PSD, Microscope, Sample Wt., MOssbauer, XRD, BET

AO-R4201SP2

Slurry Sample from FT Rx

% Solids, PSD, Microscope, Sample Wt.

AO-R4201SP3

Slurry Sample from FT Rx

% Solids, PSD, Microscope, Sample Wt.

AO-R4201SP4

Slurry Sample from FT Rx

% Solids, PSD, Microscope, Sample Wt.

AO-R4201SP5

Slurry Sample from FT Rx

% Solids, PSD, Microscope, Sample Wt.

AO-R4201SP6

Slurry Sample from FT Rx

% Solids, PSD, Microscope, Sample Wt.

AO-R4101SP1

Slurry Sample from FT Makeup Act Rx

% Solids, PSD, Microscope, Sample Wt.

AO-V4202C Slurry from 12" Settler Degas Line % Solids, PSD, Microscope, Sample Wt., Viscosity at Diff T
AO-R4101SP2 Slurry from FT MakeUp Reactor % Solids, PSD, Microscope, Sample Wt.

AO-V4202F Slurry from 12" Settler Inlet Feed Line % Solids, PSD, Microscope, Sample Wt.

AO-V3100 Rich Amine %DGA, Total Acid Gas Loading, Heat Stable Salts (HSS)
AO-P3106 Lean Amine %DGA, Total Acid Gas Loading, Heat Stable Salts (HSS)
AO-V4104 Mid-dist from drain line NAQ

AO-V4105 CAR Clean Wax out of F-4101A Metals by AA, Sample wt.

AO-R4101-Drain

CAR Slurry from Side arm drain line

Metals by AA, Sample wt.

AO-F4696 Permeated wax from Bypass after filtration Metals by AA, Sample wt.

AO-F4691 Slurry wax from Retentate loop after flow meter % Solids, PSD, Microscope, Sample Wt.
AO-R4101-dump |CARSslurry % Solids, PSD, Microscope, Sample Wt.
AO-R4201-dump |FTR slurry % Solids, PSD, Microscope, Sample Wt.

AO-V4675-dump

LCl surge tank slurry

% Solids, PSD, Microscope, Sample Wt.

AO-V4681-dump

LCI surge tank slurry

% Solids, PSD, Microscope, Sample Wt.
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FT-related samples, such as tailgas, aqueous product, raw naphtha, middle distillate and wax are mainly
analyzed for chemical and physical properties to determine product distribution to determine catalyst
activity and selectivity. Gas chromatography is used extensively forthe chemical analysis because of the
high degree of complexity of these materials. As discussed previously, high temperature gas
chromatography is required to elute the heaviest components of wax.

Slurry samplesfromthe FT reactor are examined to evaluate catalyst integrity, total concentration and
distribution within the reactor, for operations and mass balance. Several samples from primary and
secondary filtration steps are used to optimize these separations, as well as for mass balance.

M.6  Product Upgrading

Upgrading comprises of the portion of the plant that converts raw products, e.g., naphtha, light Fischer-
Tropsch Liquid (LFTL), middle distillate, and wax into finished products, for example chemical grade
naphtha, jet and diesel fuels that are suitable for commerce. It does this through a combination of
hydrotreating, hydrocracking and distillation. Chemical analysis of products shows whether the proper
conversions of oxygenates and olefins in hydrotreating or isomerization of hydrocarbons in
hydrocracking has taken place. Analysis of the feeds can help estimate how much hydrogen will be
consumed and to help determine how to optimize operations. Chemical and physical properties
measurements of feed and products, along with analysis of off-gas and recycle gas feeds, also helps in
determining mass balance, specific product yields, hydrogen consumption, etc.

As discussed above, ASTM standards are widely used as the basis for product suitability and
certification, as well as to characterize chemical and physical properties of feeds and intermediate
products. In particular, ASTM D2887 is used greatly to determinate boiling point distribution of
hydrocarbons by GC, so-called simulated distillation. It is able to provide accurate and more precise
distillation datathanis possible by physical distillation, which forms the basis of many, if not most, fuel
properties. A brief summary of upgrader-related sample points and typical analyses that might be
performed on those sample points is given below
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Pl Tag Sample Description Typical Analyses

AO-P5103 LFTL Feed @ P5103 Suction APG Gavity, D2887, Bromine Number, Acid Number, Water, Org Ox, GC, Sulfur, Metals

AO-LV5220A 1st Stage Liq to 2nd Stage APG Gavity, D2887, Bromine Index, Org Ox

AO-P5212 Hydrotreated LFTL @ P-5212 APG Gavity, D2887, Bromine Index, Acid Number, Water, Org Ox, GC, Pour Point, Cloud Point,
Aromatics

AO-FI5476 Distillate from Vacuum Col @ FI-5476 /';\iFr’]GViG;Z\(I)l;c?i,yI’DFZI:fZ,Piﬁ;tPour Point, Cloud Point, Freeze Point, Aromatics, Sulfur, Copper Strip,

AO-P5405 Naphtha from Atm. Column @ P-5405 APG Gavity, D2887, Aromatics, GC

AO-P5108 FT Wax @ P-5108 APG Gavity, HT Sim Dis, Bromine Number, Acid Number, Water, Org Ox, Metals

AO-LV5544 1st Stage Liq to 2nd Stage @ LV-5544 Water, Bromine Index, Org Ox, Metals

AO-E5504 2nd Stage Rx Eff Lig @ T/S O/L of E-5504 HT SimDis

AO-PV5676 Cold LPS Gas @ PV-5676 GC

AO-PV5729 Atmos Col Off-Gas @ PV-5729 GC

AO-P5711 Distillate from Vacuum Col @ P-5711 /:iz(:tiGca\\//ii?;I:fi8F7|;SGI‘]CE):;l:r Point, Cloud Point, Freeze Point, Aromatics, Sulfur, Copper Strip,

AO-P5705 Naphtha from Atm. Column @ P-5705 APG Gavity, D2887, Aromatics, GC

AO-P5710 Vac Col Bottoms @ P-5710 Discharge APG Gavity, HT Sim Dis, Kin Viscosity @ 100, 210F

AO-LV5577 Distillate from Separator @ LV-5577 /';\iiitiGca\\//iizz;I:if:SFT;ic},)zion:r Point, Cloud Point, Freeze Point, Aromatics, Sulfur, Copper Strip,

AO-PV5580 Separator Off-gas @ PV-5580 GC

AO-FV5570 Makeup Gas @ FV-5570 GC

AO-LV5807 Stabilized Naphtha @ LV-5808 APG Gavity, D2887, GC

AO-PV5817 Off-gas from Column @ PV-5817 GC

AO-PV5194 Recycle Gas @ PV-5194 GC

AO-FV5193 Recycle Gas @ PV-5193 GC

AO-FV5180 Hydrogen M/U Gas @ FV-51808B GC

Table 5-6: Upgrader Related Sample Points and Analyses

M.7  Biomass Feed

The biomass feed sample points and typical analyses that were performed are shown below in

Table 5-7. Density and moisture determinations were done in-house and used to aid operations and
process analysis. The bulk densitydetermination uses avessel of fixed size in which the sampleis placed
and shaken to induce some settling and the mass is measured with a balance of sufficient mass range
and precision. Particle size distribution was determined using 8” standard sieves, a shaker table and
balance. Ultimate and proximate analyses were performed by Huffman Laboratories, Golden, Colorado.

Table 5-7: Upgrader Related Sample Points and Analyses

Pl Tag Sample Description Typical Analyses

A0-71011 Wet Biomass from Truck Density, Moisture, Ultimate/Proximate
AO-T1425 Ground/dry biomass Density, Moisture, Ultimate
AO-ME2068 Ash/char from Cyclones PSD, Ultimate, Moisture, Density
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Table 5-8 below isinclusive of the ultimate and proximate analysis of the feeds run during the IBR run.

Table 5-8: Ultimate & Proximate Feed Results Inclusive of CF IBR

Ultimate Analysis (mass% dry basis) Proximate Analysis (mass % dry basis)
Feed Type Reference #| C% H% N% O0%(diff) S% | Ash % Vol Matter % Fixed C% HHV BTU/Ib Tot Moisture % (as recvd)
Oxford Woody Waste - Sx T1 214011-01 4581 548 047 3880 0.08 9.36 70.89 19.8 25.36
Oxford Woody Waste - Sx L1 214011-02 4360 528 053 3643 0.07 14.09 68.05 17.9 26.04
Baggase Sx A 214011-03  44.36 547 024 3922 0.05 10.66 72.95 16.4 38.24
Baggase Sx B 214011-04 4469 546 023 3953 0.04 10.05 74.22 15.7 50.98
Baggase Sx C 214011-05 44.88 555 021  39.89 0.04 9.43 74.16 16.4 41.53
kremling Wood Pellets - AR 112212-01 5052 620 0.05 4272 0.01 0.50 80.08 19.4 8711 7.10
kremling Wood Pellets - CF DG 41712-01 51.33 6.16 0.05 4278 0.02 0.37 80.27 19.4 8784 5.89
Alabama Pine Microchips 125712-01 51.34 6.12 0.08 42.05 0.02 0.39 79.54 20.1 8776 59.94
North Carolina Yellow Pine 157212-01 51.40 6.13 0.10 41.94 0.02 0.41 78.49 21.1 8784 17.86
Western Forestry Wood Chips DG 153512-01 50.78 638 0.08 4180 0.02 0.93 79.80 19.3 8791 26.03
Western Forestry Aug-Sept Mix 189112-01 51.83 620 0.09 40.97 0.02 0.89 78.86 20.3 8968 31.96
Alabama Aspen 176612-03  49.40 600 0.25 4258 005 172 78.34 19.9 8508 12.11
Waste Management Sorted Cellulose  176612-02  49.40 600 0.25 42.58 0.05 1.72 78.34 19.9 8508 30.74
Bagasse Resampled 9/14/12 189512-01 4610 552 0.20  39.62 0.04 852 74.01 17.5 7857 58.88
Upper Penisula Biomass 112413-01 4899 598 0.09 4358 0.02 1.35 81.43 17.2 8348 36.55
North Carolina Aspen 112413-02 4919 600 028 4261 003 1.90 78.78 1933 8436 17.94
Alabama White Pine 112413-03 5085 592 013 4252 001 0.58 78.06 2136 8675 30.11
Western State Forestry 112413-04 5167 609 013 4126 001 0.84 78.40 20.76 8923 46.16
50/50 Bagasse/Western State Forestry 112413-05 4677 561 022  39.48 0.02 7.90 74.16 17 94 8034 17.04
Western State Forestry 112413-06 5131 613 009 4181 0.0l 0.64 80.78 18 58 8928 54.60

AR As Received, DG Dried and Ground

Plant and utilities

Several sample points on plant utilities, particularly water, are present for taking samples foranalyses to
aid operations or for environmental reasons, e.g., to determine if process or wastewaters need
treatment. These sample points, descriptions and typical analyses are given below in Table 5-9.

Table 5-9: Utility-Related Sample Points and Analyses

Pl Tag Sample Description Typical Analyses

AO-W8201 Make up Water Conductivity, M-Alkcalinity, Hardness

AO-WV107 V-107 Blowdown Water Conductivity, P-Alkalinity, M-Alkalinity, Sulfite, pH
AO-WV106 SMR BoilerFeed Water to (DA) Conductivity, Hardness

AO-WV104 Soft Water to SMR Hardness

AO-W8001A Soft Water to Temp Boiler Hardness

AO-W8001B Temp Boiler Blowdown Conductivity, P-Alkalinity, M-Alkalinity, Sulfite, pH
AO-W8001C Temp Boiler Water (DA) Conductivity, Hardness

AO-W8001D Temp Condensate return TOC/IC, Conductivity, pH, Chlorides

AO-W8250 Cooling Tower Water TOC/IC, Conductivity, M-Alkalinity, Hardness, pH, phosphonate, CL, Bacteria, SRB, Skin T
AO-V2168B Liquid from Quench Chamber Aromatics and other

AO-W7000 Storm runoff/vault waste water TOC, pH
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5.N  Data Collection and Management

There are three types of data collected, of which two types are available in and through the PI historian
at the PDU (Process Demonstration Unit). First, the raw data from the PDU is collected by the DCS
(Distributed Control System) in the plant and archived in the DCS historian according to compression
and exception settingsimbedded in the DCS. These archived dataare sentto the Pl historianand can be
retrieved through the PI-Datalink add-inin Excel. The second type of data reflects the analytical results
of the samples taken at the PDU. These results are collected in SampleTracker (LIMS — a Laboratory
Information Management System) and retrieved by Pl using SQL (Structured Query Language) queries.
In addition to these two types of data, information (feedstock used, measured weights in the plant,
constants used for calculations, and such) as well as calibration data have been shared through
communication, email, andin an Excel summary file. This report explains the movement of the data and
how it was retrieved for the final reports.

N.1 Process Data to DCS Historian

The data from the processis collected by the DCS system in the plant and archived in the DCS historian
locatedinthe control room of the PDU accordingto the compression and exception settings embedded
inthe DCS retrieval system. Simultaneously, the raw data is made available onthe pre-prepared control
display screens in the control room; the values displayed on these screens have not been under
compression or exception, but reflect the values directly from the items (thermocouple, pressure
controllers, etc.) in the plant.

The archived data that is stored in the DCS historian has undergone compression and exception
according to the default settings of the DCS and these settings are only changed per request.

N.2 Process Data in Pl Historian

The archived data in the DCS historian is transferred to the Pl historian using a PIOPCHDA (Pl Object
Linking and Embedding for Process Control Historical Data Access) Interface. This archived data does
not undergo any further compression orexception (ithas been unchecked for all tags). This datais also
available through the Pl-Datalink add-inin Excel for dataretrieval and perusal. Thisarchived datais also
displayed in the Process Screens developed for the engineers using PI-ProcessBook.

N.3 Process Data in Summaries

The data in the DOE summary (DOE Feedback.xls) was retrieved using the Pl DataLink add-inin Excel and
isthe hourly averagedfiltered value during the time of the DOE run. The filter applied with respect to
the percentopeningof the syngas flow from the CF gasifier; data was averaged when this opening was
larger than 0.95%. The calculated data tab in the Pl Datalink add-in was used to retrieve this data.

Similarly, the DOE performance data (DOE Performance Test Base 022713.xIs) was also retrieved using
the Pl Datalink add-inin Excel, but daily average values were calculated using the same filter as for the
DOE summary.

CONFIDENTIAL — Red italicsrepresents proprietary information Page 58



N.4  Analytical Results

Analytical results are stored in the LIMS System (SampleTracker) and are stored in the Pl historian using
embedded SQL queries for each analytical tag (ID Point) through a RDBMSPI interface (rdbodbc)
connected to an SQL DBMS (database management system).

The analytical data was retrieved using the compressed data tab in the PI-Datalink add-in in excel and
no average or filter was used. Samples were only taken during the periods that the DOE Run was
underway, and it is assumed that the value does not change until the next sample is taken.

The total spectrum analysis of the different products is summarized in the following files and is not
available through the PI-System:

1 Component Analysis of Naphtha : DOE Naphtha Analysis

2. Component Analysis of MidDistillate DOE MidDistillate Analysis
3. Component Analysis of Water Product : DOE Water Analysis

4. Component Analysis of Wax Product DOE Wax Analysis

Samples were taken every other day foranalysis and the results for the component analysis is reported
per day per sheet in their respective Excel file.

Some samples were sentto outside analytical laboratories for analysis (tar, proximate, ultimate analysis
and densities), and these were communicated by means of email and reports.

N.5 Other Data

The constants used, as well as information regarding the biomass feed and weight, are entered ina
separate sheet in the Excel file called DOE Performance Test Base 022713.xls which was supplied to
SAIC for their evaluations. Most of these constants were retrieved on a daily basis by manual
recordings done by the plant personnel.

5.0 Wastewater Treatment

As part of the CF-RTK IBR a scope addition was included to build a wastewater treatment plant to treat
the wastewaters produced by the project. The wastewaterfrom the ClearFuels gasifier section, Fischer-
Tropsch reactor section and other minor process streams in the plant were collected and sent to a
Sump/Vault where the dirt and debris is removed. This Vault contains an Oil Skimmer to remove any
free oil and grease on the water surface.

The water from the Sump is transferred using a pump to the Equalization Tank which stores and
provides hydraulic and load equalization. A pump transfers water from the equalization tank at a
constantrate to the AnoxicTank. A setof internal recirculation pumps recycle Mixed Liquor Suspended
Solids (MLSS) from the two Aeration Tanks to the Anoxictank. Underanoxicconditions, elevated nitrate
levels will be converted into Nitrogen and CO, in the presence of readily biodegradable COD, phosphoric
acid and sodium hydroxide. The pH in the anoxic tank is controlled by a pH analyzer which controls the
caustic metering pump.
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From the anoxictank, the MLSS flows by gravity to the two biological treatment tanks (Aeration Tanks)
arranged in series, where the oxygen is transferred to the mixed liquor using an aeration system. A
dissolved oxygen (DO) concentration of 2 mg/l is maintained by monitoring the DO level and controlling
the aeration blowers by variable frequency drives (VFDs).

Aerationtank mixedliquoris pumped tothe Membrane Operating System (MQOS) tanks. The MOS tanks
contain Petro™ UF hollow fiber membrane modules submerged in the mixed liquor. Filtrate from the
mixed liquor is withdrawn from the membranes by rotary lobe positive displacement pumps. Air is
injected at the bottom of each membrane module for scouring collected solids from the membrane
surfaces to maintain “clean” filter surfaces. Concentrated mixed liquor overflows to the outlet of the
MOS tanks and discharges to the inlet of the lead aeration tank.

Periodically, Return Activated Sludge (RAS) is wasted (removed) from the biological treatment system.
This wasted activated sludge (WAS) is discharged by road tanker for outside disposal. Filtrate from the
MBR systemis stored in the filtrate storage tank. The Filtrate will be used for internal reuse or pumped
to the city sewer (POTW).

After an extended operating time, the trans-membrane pressure (TMP) across the membranes will
increase due to fouling and partial plugging of the membrane surfaces and pores, respectively. When
this measured and monitored TMP reaches a set-point value, a maintenance clean (MC) cycle is
automatically signaled and initiated. A Clean-in-place (CIP) occurs as a planned event as membrane
fouling slowly increases as MC cycles fail to restore the clean membrane operating flux at the target
TMP operating range.
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SECTION 6 DATA ANALYSIS

6.A DOE Run (PERIOD 4) Objectives and Overview

The primary goal of the DOE run was to achieve 240 hours of integrated biorefinery (IBR) operation
using biomass-derived syngas to produce on-specification renewable drop-in fuels. Due to concerns of
operational stability, a small amount of steam methane reformer (SMR) syngas was blended into the
Rentech-ClearFuels produced syngas and 200 hours of integrated operation was achieved, with greater
than 95% ClearFuels derived syngas feeding the downstream Rentech Fischer-Tropsch (FT) unit.

During the DOE Run the Rentech-ClearFuels unit was operated at sufficient feedrates in order to enable
the FT Reactor to operate above minimum acceptable gas superficial velocity, with the FT tailgas recycle
operational. Thisrequired an average of 9,040 SCFH of Rentech-ClearFuels syngas, which at an average
gas productivity of 22.3 SCF/Ib of dry feed, means that biomass feedrates average approximately 405
Ib/hror 4.86 DTPD.

The syngas H,:COratiofrom the ClearFuels gasifier was controlled at between 1.55 and 2.64 during the
DOE Run. Syngastar contents (excluding benzene) measured by NREL during the DOE run at the HEHTR
outletand at the Booster Compressor suction were 636 ppm and 22 ppm, respectively. See the Syngas
Conditioning Unit (Unit 300) DOE Run Report for additional information on syngas quality downstream
of the Rentech-ClearFuels unit.

For the FT unit compromises between the desired and actual H,/CO ratio, fresh feedrate, and recycle
ratio had to be made duringthe run. Asa resultof these compromises, ahigherH,/CO ratio was fed to
the FT Reactor than originally planned and the resulting product slate was shifted to lighter products.
There were no adverse effects observed from feeding >95% biomass derived syngas to the FT Reactor.
The tailgas recycle performed well during the run and the overall CO conversion increased substantially
as aresult. Product selectivities were not impacted by recycle.

Product upgrading/ refining operated from February 14, 2013 to February 26, 2013, producing a total of
32 barrels of diesel, and 8 barrels of stabilized naphtha. The overall as produced Diesel and Naphtha
yield averaged 80 wt% and 14 wt%, respectively. Matchingthe feed ratio produced from FT for the DOE
test, the yields were 74 wt% and 19 wt%.

A.1 DOE Run Startand End

The DOE run (Independent Engineer Run or PERIOD 4) was commenced at 8:00am on February 12, 2013
and was completed by 8:00am on February 27, 2013.

A.2 Downtime
During the DOE IE performance test, there were interruptions in the syngas production that were not

significantenough torestartthe Performance Test. A short description of the (primary) reason for each
downtime period is provided also:
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Table 6-1: Explanation of Downtime During DOE IE Run

Approx. Primary Reason for Downtime

Downtime

(hrs)

2/12/2013 Booster Compressor control problems & Discharge Cooler
fouling.

2/13/2013 3 Booster Compressor (cont.) and feed supply.

2/14/2013 8 Pluggage in Dryer Feed Cyclone

2/15/2013 20 Pluggage in Dryer Feed Cyclone and ‘Y’ in HEHTR feed line

2/16/2013 24 Heat up of HEHTR after Dryer Cyclone & Feed line ‘Y’
pluggages cleared.

2/17/2013 15 HEHTR trips due to coil thermocouple failures

2/21/2013 20 Steam Mixing Vessel pluggage

2/22/2013 18 Heat-up after Steam Mixing Vessel pluggage cleared

2/25/2013 8 HEHTR coil pluggage and steam-out

2/26/2013 9 Booster Compressor Discharge Cooler plugging

6.B  Material Handling
B.1 Biomass Feedstocks
Biomass feedstocks processed during the DOE Run, along with the start time and date for each new

feedstock, are included in the table below:

Table 6-2: Feedstocks used During DOE Independent Engineers Run

Feedstock Processed Start Time & Date
Wood Pellets 8:00am, 2/12/2013
Colorado Soft Wood Chips 7:50am, 2/13/2013
North Carolina Poplar/Birch/Aspen Mix 12:15pm, 2/17/2013
North Carolina Loblolly Pine 3:00pm, 2/18/2013
Alabama Loblolly Pine 7:45am, 2/19/2013
Colorado Soft Wood Chips 3:45pm, 2/19/2013
50/50 Bagasse/wood chip mix 3:30am, 2/23/2013
Bagasse 10:00am, 2/25/2013
Wood Pellets 11:50am, 2/25/2013

The 100% bagasse run was terminated shortly after it started due to problems feeding the bagasse out
of the Truck Unloader and due to excessive Dryer fines carryover.

The Feedstock Proximate Analysis for each biomass feedstock is summarized below:
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Table 6-3: Feedstock Proximate Analysis

Feedstock Proximate Analysis (dry, wt%) Total Moisture
(wt% as
Vol Matter % FixedC% HHV BTU/lb received)

Wood Pellets

Colorado Soft Wood Chips 80.78 18.58 8928 54.60

North Carolina /Aspen Mix 78.78 19.33 8436 17.94

North Carolina Loblolly Pine 78.49 21.1 8784 17.86
Alabama White Pine 78.06 21.36 8675 30.11

50/50 Bagasse/wood chip mix | 74.16 17.94 8034 17.04

Bagasse 74.22 15.7 7522 50.98

The Ultimate Analysis of each biomass feedstock is provided below:

Table 6-4: Feedstock Ultimate Analysis

Feedstock Ultimate Analysis (dry, wt%)

C% H% N% | 0% (diff) | $% Ash%
Wood Pellets 51.33 6.16 0.05 42.07 0.02 0.37
Colorado Soft Wood
Chips 51.31 6.13 0.09 41.81 0.01 0.64
North Carolina /Aspen
Mix 49.19 6.00 0.28 42.61 0.03 1.90
Ei‘;r;h Carolinaloblolly | ¢, /5 6.13 0.10 41.94 0.02 0.41
Alabama White Pine 50.85 5.92 0.13 42.52 0.01 0.58
50/50 Bagasse/wood
chip mix 46.77 5.61 0.22 39.48 0.02 7.90
Bagasse 44.69 5.46 0.23 39.53 0.04 10.05

B.2 Biomass As-Received and Dried Moisture

In order to calculate the dry biomass feedrate to the HEHTR, it is necessary to correct the Weigh Belt
Feeder cumulative weight (for each 24 hour reporting period) for moisture. In addition, the dried
biomass moisture is monitored to ensure that drier operation is satisfactory. The trend for the as-
received and dried biomass moisture is provided below:
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Figure 6-1: Biomass Moisture Trends During DOE IE Run

Steam coil leaks, due to freezing during cold weather, in the supplemental heat section of the Dryer
were discovered following the Performance test. This leak resulted in higher dried biomass moisture
contents than would otherwise have been the case during the run. This is the source of the relatively
high dried biomass moistures in the above chart (> 30 wt. %). The higher than normal dried biomass
moistures resulted in lower thermal efficiencies than would normallyhave been expected, as described
below.

B.3 Biomass Drying Heat Supply
Heat fromthe HEHTR fluegasis used to dry incoming biomass, along with additional steam, as needed.

The fluegas flow rate to the Dryer, steam flow to the Dryer and the fluegas temperature exiting the
Dryer trend is provided below:
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Figure 6-2: Biomass Drier Operating Trends During the DOE IE Run

As described above, multiple steam coil failures priortothe DOERun resultedin steambeingisolated in
two of the three steam coilsinthe Dryer and limited the heating capacity in the Dryer. The steam coils
were custom fabrication, and the lead time did not allow for replacement prior to the DOE Run.

B.4 High Moisture Feedstock

Even with the HEHTR being run at higher excess air levels than originally anticipated, in order to
maximize fluegas heat availableforbiomass drying, itis evident from the dried biomass moisture levels
in Figure 6-1 above, that the biomass was not being dried adequately for much of the DOE test run. At
these higher-than-anticipated dried biomass moisture levels, the firingin the HEHTR has to be increased
inorder to provide absorbed duty, not just for the required endothermic reforming reactions, but also
for the duty required to dry the biomass. It is not thermally efficient to provide this drying duty by
additional reformer firing, instead of using lower temperature heat sources (e.g. HEHTR fluegas).

B.5 Biomass Grinding and Drying
This technology is conventional and not necessarily a core part of the Rentech-ClearFuels technology

offering. Specificto this technology is the requirement to dry to approximately 15 wt% or less and to
reduce the feedstock at least to <1/4”.

CONFIDENTIAL — Red italics represents proprietary information Page 65



It may be advantageous, particularlyforhigher syngas H,:CO applications, to be able to grind the biomass
to smaller particle sizes. The Dryer Fines processed at Livingston is nominally <1/16” material and
produced a higher H,:CO syngas than the larger feedstock. Hence, for applications that require higher
syngas H,:CO, it is recommended that a <1/16” feedstock is prepared. For other applications, a <1/4”
feedstock requirement is still acceptable.

The PDU grinderwas notableto process high moisture feedstocks (40-50 wt% moisture as received) and
grind the particles using the supplied 3/16” outlet screen under the installed configuration. There were
problems with screen binding (although it worked fine with dryer feeds). As a result, a %4” screen was
typically used. Both the PDU and the Livingston plant grinder produced stringy feedstock that had
difficulties flowing out of the feedhopper. An alternative configuration using screens and recycle to the
grinder is recommended to produce a more uniform and tighter size distribution material.

Duringinitial commissioning runs, foreign material was present in the feedstock (still within specification)
which caused premature wear to the knives in the grinder. Knife materials need to be selected and
reviewed properly to ensure adequate knife life/sharpness.

B.6 Biomass Feed Storage

Problems were experienced both at the PDU and at the Livingston pilot plant with steady feeding of
biomass out of the conical bottomhoppers employed at both plants. Itis atechnology requirement that a
live bottom feed hopper is employed to store the required biomass feed inventory upstream of the
reformer. Determining the flow and controlling at a steady mass flow to the reformer was a constant
problem atboth the Livingstonplantand atthe PDU. This needs to be considered in feedsystem redesign
efforts.

B.7 Pressure Boundary System

The rotary valves utilized at the Livingston Pilot plantand the rotary valve installed at the Commerce City
PDU both sufferedfrom steambackflow. To minimize backflow of steam the reformer was limited to an
operating pressure lessthan 20 psig atthe reformerinlet. The steam backflow caused plugin in the feed
system and reduced the achievable on-stream factor for both units due to the need to intermittently clear
plugging in the feed screw.

Ingeneral, the operating experiencesgained with sealing pressurerotary valves, feeding a dry/fine feed,
was not favorable.

B.8 Feeding Multiple Coils
During commissioning the feed splitter plugged multiple times. The system was modified, with more

emphasis on flow modeling and symmetry, with reasonable results. Larger units will need a multiple
configuration; there are two recommendations to solve this step.

Firstis further design of a biomass splitter, relying on mechanical design or symmetry and mot moving
parts to accomplish feed separation.

The second is to evaluate a single controlled feed to each HEHTR coil. It is necessary to provide for
multiple feeds out of asingle feed surge vessel. Given this is the case, it is considered preferable from a
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cost and operability/reliability perspective to make this surge vessel pressurized and to utilize a
(redundant) lock hopper system to feedinto this pressurized surge vessel/charging vessel, from the bulk
feed storage hopper (live bottom bin), versus providing for multiple pressure boundaries (one pressure
sealing rotary valve for each coil).

Thisisthe designdescribed inthe commercial design below. Thisis essentially the designemployed at the
FERCO Silvagas plantaBurlington, VT, but onlyasingle outlet was provided for that pressurized vessel, as
there was only a single gasifier feed.

Utilizing compressedfluegas (cooled and moisture trapped) as a sealing gas was successfully demonstrated
at the Livingston pilot plant, and should be included in the design of any commercial unit (e.g.compressed
fluegas can be used as pressurizing gas in lock-hoppers above the surge vessel).

The vented gas from the lock-hoppers would need to be passed through a dust collector, but could then be
vented directly to atmosphere.

The lock-hoppers couldbe pressurevessels or could be fabricated as piping spools, depending on the feed
requirements, but excessive cycling should be avoided to prevent maintenance problems with the lock-
hopper valves.

Each pressurized feed from the Surge Vessel will be controlled via a variable speed auger, on speed
control. Each feed screwwill provide feed to a separate steam/mixing vessel, feeding a single downstream
reformer coil.

A separate slide valve will be provided to isolate the feed to each coil on ashut-down or trip. Compressed
fluegas can be utilized to provide a small constant purge from the Surge Vessel, in normal operation.
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6.C

C.1

Gasification

Rentech-ClearFuels Process Schematic

The following schematic shows the Rentech-ClearFuels unit configuration, downstream of the Feed
Hopper, during the DOE Run.
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Figure 6-3: Rentech-ClearFuels Unit Configuration

Booster Compressor
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c.2 Rentech-ClearFuels DOE Run Summary Data

Table 6-5: Data on HEHTR Operations during DOE IE Run (Also see Table 5-4)

2/12/13 5:00 AN FILTER 0 1 2 3 ) 5 3 7
'FIC-3045/PID1/OUT.CV' > 1 hours run '"dm hour 29 206 163 39 0.0 28 220 240
perio
220 135 555 537 538 726 %66 1206
PDU DOE Start Time Unit 21213800 | 2/13/135:00 2/14/138:00 | 2/15/13800 2/16/136:00 | 2/17/13800 | 3/15/138:00 | 2/19/138:00
End Time 2/13/138:00 2/14/13 8:00 2/15/13 8:00 2/16/13 8:00 2/17/13 8:00 2/18/13 8:00 2/19/13 8:00 2/20/13 £:00
Blomsss Feed to Gasifier calc (F95 CF Calcs) OTPD 431 EENY 341 To7 2.06 4361 573
SH Steam Feed Rate FIC-2062/PID1/PV.CV E-2061 steam flow to :;;t:ram Superhester at the Ibs/hr 662.86 63758 59551 53812 635.53 650.00 605.43
i
NG Fuel Usage FIC-2264/PID1/PV.CV Natural Gas Fuel to Gasifier Flow Rate SCFH 3296.80 3415.88 3098.59 3116.95 3315.67 3400.18 3758.59
Combined Process temp Exit coils Thermowell in 6"
- Ref P T t TI-2078/AI1/PV.CV F 1857.60 1857.63 1845.08 1830.07 183236 1833.87 1848.56
CF Gasifier Conditions ormer Process Temperanire /A header of the Gasifier
Reformer Process Pressure PI-2063/A11/PV.CV. Gasifier Outlet Pressure pSiE 1394 1237 1395 1390 1377 1619 17.55
Total CF Syngas to FT per day calc scf 229418 193914 134634 27654 74943 210408 21245
Syngas Flow From Gasifier FI-3205/A11/PV.CV Syngas Flow from scrubber to booster compressor SCFH 10037.02 9405.43 5235.38 7039.96 854761 8766.99 853,93
FIC3045/PIDL/PV.CV ClearFuels Syngas Flow ScPn 10325.05 1023561 388283 772966 5929.68 962859 5827.76
Ash Content in Char/Ash AO-ME2068-ASH Percent Ash In s sxmple: of the ash/char from the wtth % 1251 1237 13.40 18.08 21.61 25.15
Cyclones (Proximate Analysis|
Syngas H2% AI-3076_RGA/AI-3076_RGA_E.CV H2 In the Gasifler Ga;g:d““' to the FT Reactor using mol% 49.94 50.05 5230 49,93 5130 50.35 4768
analysis
Syngas CO% A1-3076_RGA/AI-3076_RGA_H.CV 00 In the Gasffier G“;g;m‘”“ tothe FT Reactor using mol% 2397 28 2118 232 19.46 2024 2577
analysis
Syngas CHd% A1-3076_RGA/AI-3076_RGA_F.CV Ch4 In the Guaffler Gas product to the FT Resctor using mol% 6.49 6.74 529 7.10 616 7.5 777
CF Syngas - - - RGA analysis
Syngas CO2% AI-3076_RGA/AI-3076_RGA_L.CV £02in the Gasifier G'R::Z::‘“: the FT Reactor using mol% 15.93 18.41 17.56 1848 19.72 2030 16.94
i
H2:CO Ratio in CF Syngas calc 2.08 219 228 215 254 2.09 185
Syngas Pressure PI-3048/AI1/PV.CV. V3072 SUCT K-0 DRUM RECIRC PRESS XMTR pSiE 1011 380 934 397 .78 921 839
Syngas Temperature TI-3045/A11/PV.CV V-3072 SUCT K-0 DRUM OUT THRMCPL v 3557 s263 2057 3553 503 2726 4756
‘Carban Conversion [Ash Balance) ol % 85,65 8377 5218 52.65 5410 B589 542 50,51
CF Perf Fuel Consumption @ 3%02 calc (F54 CF Calcs) SCPH 296228 307450 274233 2686.85 278410 282665 301855
erformance Gas Yield calc (F73 CF Cales) SCF/Ib dry Biomass 2768 2518 1555 1288 17.98 2278 1855
O Yield calc (F79 CF Calcs) SCF/Ib dry blomass 6380 5381 466 3.06 358 372 492
2/12/13 8:00 AM] FILTER 8 9 10 1 12 13 14
'FIC-3045/PIDL/OUT.CV' > 1 hours ';: ':j“ hour 240 38 66 240 240 157 174
1446 1384 1549 17858 2029 2157 2361
P D U D O E Start Time. Unit 2/20/138:00_| 2/21/13 8:00 2/22/138:00 | 2/23/138:00 2/24/138:00 | 2/25/138:00 | 2/26/13 8:00
End Time 22113800 | 2/22/13 8100 2/23/138:00_|_2/24/138:00 2/25/138:00_|_2/26/138:00 | 2/27/13 8:00
Blomass Feed to Gasifier calc (F35 CF Calcs) OTPD 424 086 14z 502 440 323 359
1l h
SH Steam Feed Rate FIC-2062/PID1/PV.CV Fr2061 Steam flow to :;;;::ra'" Superheater at the tbs/hr 500.00 500.09 604.08 600.15 57089 539.75 68583
NG Fuel Usage FIC-2264/PIDL/PV.CV Natural Gas Fuel to Gasiier Flow Rate scrn 396576 3766.98 373820 372518 381861 358808 333028
Combined Process temp Exit coils Thermowell in 6"
) . Reformer Process Temperature TI-2078/AI1/PV.CV F 1862.08 1860.50 1845.22 184183 1850.14 184370 1862.13
CF Gasifier Conditions P b header of the Gasifier
Reformer Process Pressure PI-2063/A11/PV.CV Gasifier Outlet Pressure pSiE 1595 1641 1562 1506 13.00 1214 1355
Total CF Syngas to FT per day calc scf 222945 33423 62475 186051 201677 130682 202891
syngas Flow From Gasifier FI-3205/A11/PV.CV Syngas Flow from scrubber to baoster compressor ScFH 928936 75197 852857 7789.62 2403.22 894167 11650.89
FIC-3045/PIDL/PV.CY ClearFuels Syngas Flow SCFH S800.72 5705.85 588346 348060 5486.72 75437 547014
Ash Centent in Char/Ash AO-ME2068-ASH Percent Ash n a sample of the ashychar from the wit 7.41 s.42 1023 16.20 22.43 2855 1019
Cyclones (Proximate Analysis
Syngas H2% AI-3076_RGA/AI-3076_RGA_E.CV H2n the Gasifier Ga;g:’d“(" to the FT Reactor using mol% 1041 49.00 4970 2877 45.10 5023 a4.57
analysis
Syngas CO% A1-3076_RGA/AI-3076_RGA_H.CV CEin the Gasifier G‘;g:”::;:zm FT Reactor using mol% 2289 2230 24.90 2459 25.76 23.00 2881
i
- = =
Syngas CH4% A1-3076_RGA/AI-3076_RGA_F.CV CHa in the Gasifier Gas product ta the FT Reactor using mol% 7.59 7.31 .28 672 753 5.97 8.88
CF Syngas RGA analysis
Syngas CO2% Al-3076_RGA/AI-3076_RGA_L.CY €02 n the Gasifier Gas product to the FT Reactor using mol% 17.81 18.40 15.67 1614 1555 10.79 1488
RGA analysis
HZ:CO Ratio in CF Syngas Glc 216 220 200 o8 175 218 155
Syngas Pressure PI-3048/AI1/PV.CV V-3072 SUCT K-O DRUM RECIRC PRESS XMITR pSiE 808 7.98 568 8.00 802 819 .47
Syngas Temperature TI-3048/AI1/PV.CV V-3072 SUCT K-0 DRUM OUT THRMCPL F a1ie 4328 350 5105 55,10 e798 7435
Carbon Conversion (Ash Balance] calc % 8348 3492 68,01 7861 84.60 5365 5317
CF Perf el G @3%02 calc (F54 CF Calcs) ScPH 3343.08 320658 321164 254539 306.26 290985 3062.65
erformance Gas Yield calc (F73 CF Calcs) SCF/Ib dry Biomass 2605 1933 2149 1838 22.54 1881 2222
) iy
€O Yield calc (F75 CF Calcs) SCF/Ib dry biomass 512 345 553 465 513 448 557
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C.3 HEHTR Operating Conditions

The primary HEHTR operating conditions monitored during the DOE Run, excluding the biomass
feedrate, were the transport steam flow (FIC-2062), HEHTR process outlet temperature (TI-2078) and
the firing in the HEHTR (i.e. Natural Gas fuel consumption, FIC-2264). These operating parameters are
plotted in the Chart below:
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Figure 6-4: HEHTR Operating Conditions Trends During DOE IE Run
C4 Feedrate and Syngas Production

As described earlier, the HEHTR was operated at lower-than-design rates, sufficient to demonstrate the
integrated IBR operation, with tailgas recycle. As a Research and Development project, the HEHTR was
intentionally designed with excess capacity. The unit was operated at a capacity to match the needs of
the FT section. Operation at HEHTR turndown conditions is not as efficient as operation at increased
biomass feedrates as, forexample, heatlosses are a higher percentage of the incoming biomass heating
value and the transport steam to biomass ratio is higher at lower biomass feedrates.

The chart below shows the HEHTR biomass feedrate (via calibrated feed screw indication FIC-1407) and
the Rentech-ClearFuels syngas production as measured at the Booster Compressor suction (FI-3205) and
discharge (FIC-3045) trended over the duration of the DOE Run.
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Figure 6-5: Biomass Feedrate & Syngas Production Trends

C.5 Syngas Flow Meter Calibration

The Rentech-ClearFuels syngas productivity is determined using the syngas flow meter at the suction of
the Booster Compressor (FI-3205). This flow meter is automatically temperature and pressure
compensated and the calibration on the meter was checked prior to commencement of the DOE test
Run, usingan assumed gas molecular weight of 16.5. To calculate the reported syngas productivity, the
FI-3205 reading is corrected for the measured gas molecular weight, using the online RGA syngas
analysis, and then further correcting for the nitrogen and water content of the syngas, to obtain adry
and N,-free syngas production rate.

C.6 Syngas Composition

The trend data forthe Rentech-ClearFuels online syngas analyzer, permanent gas analysis (Al-3076), is
provided in the chart below.
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Figure 6-6: Syngas Composition Trends During DOE IE Run

C.7 Syngas Tar Analysis

NREL provided analysis for tars exiting the HEHTR and the ClearFuels Gas Cleanup system, using their
Molecular Beam Mass Spectrometer (MBMS) analyzer, installed at the site during the DOE Run. The

February 13" results from this analysis, while running on the Colorado sourced wood chips, are
summarized below:

Table 6-6: Tar Speciation and Content at HEHTR Outlet and Booster Compressor Suction

Tar Species HEHTR Outlet (sampled Booster Compressor
2/13, 9:30-10:30 am) Suction (sampled

2/13, 12:00-12:30 pm)

ppm (dry basis) ppm (dry basis)

Benzene 3199 4732
Toluene nd nd
Phenol nd nd
Naphthalene 411 18
Phenanthrene a1 nd
Pyrene 68 4
Other tars (78<MW<202) 80 nd
Other tars (MW>202) 33 nd
Total (including BTX) 3835 4754
Total (Excluding BTX) 636 22

nd: non-detectable
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The tar analysis exiting the HEHTR at 636 ppm (dry basis, excluding BTX) is higher than the target of 50
ppm for the DOE Run, but is consistent with the data collected from previous operation of the Rentech-
ClearFuels unit at the PDU, at similar conditions.

As the HEHTR was operated during the DOE Run at higher-than-normal excess air levels, in order to
maximize the fluegas heat available for biomass drying, it was not possible to operate the HEHTR at
higherskin metal temperatures at the top of the coils, which has been observed to reduce the syngas tar
levels, at the PDU.

Cc.8 Syngas Component Flows

The table below compares the measured DOE Run maximum gas component flows (Ilbmol/hr) with those
stated in the target “Syngas Composition Criteria” for the project:

Table 6-7: Comparison of Measured Syngas Component Flows vs. Composition Criteria

Syngas Component i CriteriaMax Criteria Min DOE Run Max
Hydrogen Ibmols/hr | 93.9 29.0 13.7

Carbon Monoxide Ibmols/hr | 37.4 29.0 8.8

Carbon Dioxide Ibmols/hr | 26.5 47

Nitrogen Ibmols/hr | 1.7 0.96
Methane Ibmols/hr | 13.7 2.7

C," (incl. tars) Ibmols/hr | 0.2 0.19

H,:CO Ratio - 2 1 1.55-2.64

As discussed above, the Rentech-ClearFuels reformer was only operated during the DOE Run at biomass
feedrates necessary to provide sufficient syngas flow rate to the Fischer-Tropsch (FT) reactor, to meet
minimum acceptable fluidization velocity criteria for the reactor, with tailgas recycle also operational.
Thisresulted in lower syngas flow requirements and resultant component flow rates than anticipated
whenthe criteriaforthe run were established (above). As a result, the hydrogen and carbon monoxide
component flows achieved were less than the minimum criteria in the above table.

The syngas H,:CO ratio was varied between a range of 1.55 and 2.64 during the DOE test. The control of
this ratio was achieved primarily by adjustments to the HEHTR transport steam flow rate and firing,
demonstrating successfully that this ratio could be adjusted and controlled and that suitable steam-
biomass mixing could be reliably achieved.
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c.9 HEHTR Thermal Efficiency

The nominal thermal efficiency (calculated on a higher heating value (HHV) basis) of the HEHTR is
calculated by summingthe following cumulative stream enthalpies, totalized over the entire DOE Run:

Table 6-8: HEHTR Thermal Efficiency Measured During DOE IE Run

Stream Units Output Input
Biomass MMBtu (HHV) 831.4
Natural Gas Usage MMBtu (HHV) 847.5
Syngas (excluding tars) MMBtu(HHV) 651.7

Syngas Tars MMBtu (HHV) 34.4

NetSteam export MMBtu (HHV) 156.7

HEHTR Fluegas Dryer Heat MMBtu (HHV) 113.0

Steam Superheating MMBtu (HHV) 35.6

Totals MMBtu (HHV) 991.4 1678.9
Thermal Efficiency % 59.05

Notes:

(1). Biomass HHV obtained using the cumulative biomass dry feed flow from the DOE Run
Summary Data (Section 4.0) and the average biomass HHV data from Section 3.2.

(2). Natural Gas HHV obtained using cumulative natural gas flow to the HEHTR burner from the
DOE Run Summary Data (Section 4.0) and assuming a natural gas specific HHV of 1010
BTU/SCF.

(3). Syngas HHV obtained using the syngas yield (SCF/Ib dry biomass), cumulative biomass dry
feedflow and syngas composition, excluding tars (to calculated syngas BTU/SCF) from the
DOE Run Summary Data (Section 4.0).

(4).Syngastars HHV obtained using the syngas yield (SCF/Ib dry biomass), cumulative biomass
dry feed flow, an average syngas tar composition, including benzene, of 3835 ppm (dry)
and an average tar specific HHV of 4250 BTU/SCF.

(5). Net steam export HHV calculated by summing export steam flow rate from ClearFuels unit
(F1-2162) for periods during the DOE Run while biomass was being fed to the HEHTR and
using calculated enthalpies for BFW and saturated steam export.

(6). HEHTR Fluegas Dryer Heat HHV calculated by summing the fluegas flow rate from HEHTR
(F1-1225) for periods during the DOE Run while biomass was being fed to the HEHTR and
using average measured fluegas temperature to and from the Dryer (TI-2166 & TIC-1203),
with an estimate of fluegas average specific heat.

(7). Steam superheating HHV calculated by summing transport steam flow rate (FIC-2062) for
periods during the DOE Run while biomass was being fed to the HEHTR and using
calculated enthalpies for saturated steam and superheated steam at average measured
superheat temperature (TI-2021).

The average thermal efficiency obtained forthe HEHTR is less than originally anticipated and targeted as
a performance criteriaforthe DOE Test Run (80%) fora number of reasons, which are discussed below:
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C.10 HighHEHTR ExcessO;

Due to the failed steam coilsin the Biomass Dryer, it was necessary to provide as much heat as possible
to the Dryer from the HEHTR fluegas heating, which resulted in the HEHTR being operated at higher-
than-normal excess air levels (average HEHTR fluegas O, content during the DOE Test Run at 6.0 vol%,
versus 3.0 vol% expected fornormal HEHTR operation). Operation at these high excess air levels results
in lower thermal efficiency.

For comparison purposes only, the natural gas consumption calculated foroperationat 3vol% O, in the
fluegas, for the DOE Run conditions, is 715 MMBtu/hr versus the measured value of 847.5 MMBtu/hr.
The theoretical thermal efficiency would increase to 64%.

C.11  Syngas Cooler

The Syngas Coolerwas bypassed due to fouling of the tubes, and replaced with a BFW injection/direct
guench system to cool the syngas prior to the syngas being routed to the Primary and Secondary
Cyclones. Hence, the sensible heat content of the syngas exiting the reformer was not being utilized to
raise steam, as the unit was originally configured, which lowers the overall thermal efficiency of the unit.

C.12 HEHTR Performance

To analyze the performance of the HEHTR, it is necessary to understand aspects of two-phase gas/solids
flow in the transport piping, transitional piping,as wellasinthe helical coils. Theseissues are discussed in
more detail below, in the discussion regarding CFD modeling.

Pneumatictransportof solidsin horizontal piping requires that the bulk velocity exceeds both a saltation
velocity(required to keep solids dispersed in the flowing gas stream), as wellas a pick-up velocity (required
to re-entrainsolids that may have separated out of the bulk gas stream at an elbow or transition). If the
gas velocity exceeds these lower limits, the solids will typically be travelling only slightly slower than the
bulk gas flow, with the resultant drag acting on the particles, exceeding the gravitational forces acting on
the particles. Solids can separate out at elbows or other transitions, whichresults in their velocity dropping
at the transition, and after normal flow is re-established after the transition, the gas velocity (which
exceeds the pick-up velocity) can generate sufficient drag on the slowed particles, to re-accelerate them
back up to something close to the bulk gas velocity.

The gas/solids flowingin the transport lineto the HEHTR will behave as described above, and the particles
inthe transportlinewillnormally be traveling at something closeto the transport line bulk velocity, as the
stream entersthe HEHTR. The degree to which the solids will be decelerated at the transition into the
HEHTR helical coil willdepend on the geometry of the transition. A long radius elbow, or an even more
gentle transition, willtendto retain more of the particle velocity at the entry to the helical coil. A short
radius elbowora piping expansion will result in solids being significantly decelerated as they enter the
HEHTR helical coil.

Once the gas/solids stream enters the HEHTR helical coil proper, and after the transition from the
transport line, biomass particles will still retain some portion of theirmomentum fromthe transport line. If
the particlesare stillmoving at avelocity closeto the bulk gas velocity at the start of the helical coil (i.e.
the transition did not resultin significant particle slowing),the drag acting on the particles will be relatively

CONFIDENTIAL — Red italicsrepresents proprietary information Page 75



low, and the momentum of the particles willbe a more significant factor, in the trajectory the particles will
take in the first part of the coil. This particle momentum willresultin the particles bouncing off of the coil
walls at multiple points in the first coil turn.

This particle bouncing, or wall contact, is avery significant feature of the HEHTR reformer, asit is believed
thatthis particle/wallcontactis the primary mechanism forvery fast particle heating and pyrolysis in the
first part of the coil. This fast pyrolysis results in higher carbon conversion and more active char, for
secondary gas phase reactions, as discussed below.

As the particles bounce off of the coil walls, theylose some of the momentum they were carryingfrom the
transport line, although the gas velocity will increase quickly, as it heats. In addition, the particles are
shrinking due to masslossfrom pyrolysis. These smaller particles have less momentum and eventually
they begin to move exclusively along the outside of the coil wall. The velocity of these solids is significantly
lessthan the bulk gas velocity, atany particular pointin the coil, and the slip between the solids and gas is
suchthat the net drag generatedon any single particle balances with the centrifugal force acting on that
particle. Depending on the helixdiameter, the particles can be moving at velocitiesof anywhere from 25to
50% of the bulk gas velocity. This phenomenon is also very significant for the HEHTR performance, as it
resultsin alayer of slower moving char, which is being heated against a hot coil wall. This hot char layer
can act as a catalyst for various secondary gas reactions as is described below.

Aninteresting feature of the bouncing trajectory of the biomass particles, as they enter the helical coil, is
thatthe number of bounces the particles make to complete a full turn in the helical coil is not a strong
function of the transport gas velocity or the coil helix diameter. So it takes approximately the same
numberof bounces fora particleto transversea completeturninthe helix. This phenomenoniisillustrated
below in Figure 6-7, and Figure 6-8 which shows particle trajectories for two different helical coil
geometries at significantly different inlet gas velocities.

1.8000964e+00
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Figure 6-7: Particle Trajectory for IBR—3"pipe dia. 7.3 ft helix diameter for 1/12" particle diameter at
a coil inlet velocity of 72 ft/s (Left);
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Figure 6-8: Particle Trajectory for Small Pilot PTI 3” pipe dia. 3 ft helix diameter for 1/12" particle
diameter at coil inlet velocity of 18 ft/s

The fact that particles take approximately the same number of wall bounces to traverse a complete coil
turn is a significant observation, as it means that individual particles heat and begin to pyrolyze in
approximatelythe same number of coil turns, irrespective of the coil inlet velocity, transport steam flow or
helix diameter, ifthe coil metaltemperaturein the first part of the coil is the same. Of course, the particles
may achieve those number of bouncesinlesstime, if theyare moving more quicklyas they enter the coil,
but mostimportantly, the relevant particle heating rate is the rate of particle heating, while the particle is
in contact with the wall,and this is not impacted by the velocity that the particle is traveling at, butis a
function primarily of the wall temperature.

As describedbelow, initial fast heating of the biomassis achieved in the Rentech-ClearFuels HEHTR, which
resultsin several significant performance benefits. The above discussion allows the performance of the
HEHTR to be modeled using primarily the tube metal temperaturesin the first turn(s) of the coil. Much of
the performance data can be fitted reasonably using this operating variable, along with the coil biomass
feedrate, as will be discussed more fully in subsequent sections. Somewhat arbitrarily, the skin
temperature at % of a full coil turnis used in subsequent analysis as a primary operating variable, and a
“hot zone” of one and a half coil turns is assumed in much of the following analysis. This hot zone is
defined as the coil length required to achieve initial fast or flash particle heating and pyrolysis. The fact
thatreasonable performance data correlations can be achieved usingthis simple parameter and simplistic
reaction models confirms that fast initial particle heating is a key part of this technology.

C.13 Carbon Conversion

Although there are multiple pathways for particle heating in the first part of the coil, including radiant heat
transfer directlyfrom the coilwall to the particles and convective heating from the coil wall to the particle
via the gas, the primary pathway for very rapid heating of the biomass particles is the direct contact
between the particles and the coil wall as a result of the particle bouncing described above.

Atthese successive contacts, the particles are heated and commenceto rapidly pyrolyze. Volatile gasesare
released from the biomass particle, due to the pyrolysis, and remain close to the wall (i.e. once released,
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the volatile gases don’t travel with the particle), whereas the particles move downthe coil quickly, headed
for their next wall bounce.

Asnoted later, our understanding of the process is that particles are heatedand flash/fast pyrolyzed at the
outside coil wall, and that this mechanism drives the carbon conversion. As such, the following rate
equation for carbon conversion is proposed:

1 dN, (NC)“
—T.=— =k (—
A dt
Where: —r. = rate of carbon reaction in the fast pyrolysis zone (kmol/m?s)
A =Wall surface area in the fast pyrolysis zone (m?)
N = Carbon in fast pyrolysis zone (kmol)
k =Rate constant (kmol/m?”s/(kmol/m?)")

Aswe don’tknow the actual solids (andhence carbon) content at the hot pipe wall, we can assume that

the solids hold-upand/orthefrequency of particle/wall contacts is proportional to the solids feedrate (i.e.
N¢=K’ N¢), where N is the carbon flowrate (kmol/s) exit the hot pyrolysis zone.

The above rate equation can then be re-arranged to:

: N
logr, = (logk + nlogK') +n log<x>

and plotted as per the following chart (see Figure 6-9 below):
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Figure 6-9: Carbon Reaction Rate Data Plotted vs Carbon Flowrate per unit area in the Fast Pyrolysis
Zone

The line fit to this data in this case has a slope (=n) of approximately 0.69, which may indicate that the
inherent reactionis 1st order withrespect to carbon concentration; however, particle crowding at higher
carbon concentrations (and flowrates) is resulting in slower particle heating and hence lower carbon
conversion rates.

The interceptof the above (center) line, for data at a skin temperature 1700-1750°F (average 1213°K) is
(logk+ nlogK’) and is equal to -0.32, in this case.

The rate constant is defined as:
—E
k= k, el®T)

The natural log of the modified rate constant (k’ = k(K’)“) can be plotted versus the inverse
temperature (initial wall temperature, as defined above). From this analysis the activation energy is
determined to be approximately 17,550 J/molK and the intercept in this case (In(k, (K')™)) is equal to
1.37.

The average of the datashowed only a 1.7% increase in carbon conversion per 100°F increase in the initial
wall temperature.

The preceding relationships involving k, k jand K’ can be solved for K’ =0.34 sec (approx.) and k ,=5.0
kmol°31/m°'625.
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A K’ value of 0.34secis equivalent to asolids hold-upinthe pyrolysis zone of approximately 0.34 seconds.
This is in the right order, considering the initial particle velocities entering the coils and potential
accelerations due to gas heating and production.

Hence, the aboveanalysis results in asimple model for carbon conversion, which has been used to check
againstactual plant data. The correlation between the model predicted and actual carbon conversions is
shown in Figure 6-10 below:

Measured vs Predicted Carbon Conversion
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Figure 6-10: Model Predicted Carbon Conversion vs Measured Carbon Conversion

The model tends to under-predict the Livingstoncarbon conversionand over-predict the PDU conversion.
This may mean that the additional hot zonelength available for the PDU coil, due to the larger coil helix
diameter (7.3 ft versus 3 ft at Livingston plant), may not be totally available, and that regardless of the
calculated hot zone length, particle crowding in the early part of the coil and coil inlet can effect
performance. Amore rigorous model could be developed that accounts for this. Significant inaccuracies
are alsoinherentinthe measurement of carbon conversion in both the PDU and at the Livingston pilot
plant, when using a simple ash balance method.

Specifictesting was conducted at the Livingstonplant, isolating the effects of the initial wall temperature
on carbon conversion. These results indicated that, on average a 100°F increase in the initial wall
temperature of the reformer produced a 1.5 to 2% improvement in carbon conversion, and this is
consistent withthe model described above. Also, carbonconversion at Livingston, the PDU and the HNEI
testingat Aberdeen can also be plotted versusfeed capacity (dry basis) through asingle coil (See Figure 6-
11 below):
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Figure 6-11: Carbon Conversion vs Feedrate per Coil. Data taken from PDU and Livingston Pilot Plant
at Various Coil Diameters

The model describedabove (with n=0.69) is consistent with the reductions in carbon conversions observed
at these plants, as feedrates to each coil is increased.

The model described above, and the data collected on the impact of coil temperature and feedrate on
carbon conversions, has significant implications when it comes to scale-up of the Rentech-ClearFuels
technology. Even with initial wall temperatures maximized(say at 1800°F for a commercial design, utilizing
an incoloy 800HT coil metallurgy), with 10 DTPD through asingle 3” coil (fora7.3 ft helix diameter, perthe
PDU), the carbon conversion predicted is only 78%. At 20 DTPD feedrate to a single 3” coil, the conversion
predicted would drop to 73%. This would improve to 75% with a 4” coil, but as indicated in Figure 6-11
above, the benefits of larger coil diameter assumed in the model may not all be realized.

The carbon conversion may not be as impacted by coil diameter, as predicted by the model, as the model
assumes that the entire outside 50% of the coil internal surface area is available for particle heating,
whereasinfact many of the particles will tend to migrate to the extreme outside point on the coil due to
the effect of centrifugal force. Inthisregard aformedtube with aless thancircular cross section could be
beneficial for the technology, as is discussed later in this report.

As a minimum, it would appearthat char recycle will be required fora commercial plant designin order to
boostthe carbon conversion at higher solids mass fluxes in the coils. Single pass carbon conversion for
100% char flow was demonstrated at 60% during testing at Livingston.

CONFIDENTIAL — Red italics represents proprietary information Page 81



The above findings are consistent with an Analysis Of Variance (ANOVA) of the PDU carbon conversion
data, which indicated that onlythe coil biomass feedrateis significant (P-value < 0.05) with regards to the
carbon conversion. An ANOVA is a statistical tool to determine ifthe variation between datais significant.

As an additional reference on carbon conversion, the Brightstar reformer deployed in Australiaaround the
year 2000 was eventually shut down, but published information on that unit stated that it achieved very
low carbon conversions (charyield as high as 40 wt% of gasifier feed reported). A separate char gasifier
was added to the plant to further reform the Char.

C.14 Carbon Conversion Calculation Method

The carbon conversion numbers described above are generated using an ash balance (i.e. all of the
biomass ashisassumed to be partitioned to the char/ash byproduct stream and the ash content of this
byproduct streamis used to infer the carboncontent of the char (carbon content assumed to be 100%-ash
content). Carbon conversions were also calculated at the PDU and at Livingstonusing the syngas flowrate
and analysis. In general, the carbon conversion using the syngas balance is lower. For example, at
Livingston, thisis believed to be due to syngas losses in the syngastrain, including the cyclone blowdown
losses, flange leaks, etc. Thisis bestillustrated in Figure 6-12 below, which shows the differencein the two
carbon conversion calculationmethodsas a function of feedrate. At higher feedrates, the differences are
significant, due presumablyto greaterbackpressurein the piping downstream of the reformer but at lower
feedrates the two methods give similar results.

. % Ash in feed .
[% Cin feed— (%AT'nChar) x(100—% Ash in Char)]

Carbon Conversion (%) = % Cin foed x 100%

Another potentialreasonforthe discrepancy in carbon conversion calculation methods is that fine soot
particles representalossin carbon conversion, but some portion of these fines particles are not collected
in the cyclone or gas filters, and hence will not be accounted for using the ash balance method. Soot
formation is discussed below.
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Figure 6-12: Difference between the Livingston Carbon Conversion Calculated by Ash Balance and Gas
Analysis

C.15 Tar Production

When biomass particlesare heated, againstthe hot wallsin the HEHTR, volatile gases are released. These
volatile vapors are cracked to permanent gases as per reaction #4, in the Broido-Shafizadeh reaction
scheme illustrated below:

4

3 Vapours s (Gases
1 "Active" /

Macropolymer ~——»  intermediate
liquid species 2

Char + Gases

CFD modeling of particle flowin helical coils showhow relatively large biomass particles bounce thru the
helical coiland intermittently make contact with the hot coil walls. At these successive contacts, volatile
gases are releasedfrom the biomass particle and remain close to the wall(i.e. once released, the volatile
gases don’t travel with the particle).

Lede™ describesreaction #3 being more than 1000 times faster than reaction #4, so vapor cracking rates
are not limited by vaporization of the liquid intermediate species. He also describes reaction #4 as
occurringinathin hotboundary layer, located along the wall (ina vortex/cyclone reactor, for hiswork, but
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this situationisin many respects similarto flow through the HEHTR helical coil), at a temperature close to
the skin metal temperature.

A simple CSTR model forthistar cracking reaction has been derived, assuming a first order reaction with

regards to the volatile concentration, for the reaction #4 above. In this model, the CSTR volumeis assumed

to be the thickness of a single particle, on the outside half of the coil only, for the hot zone coil length
defined previously.

First order kinetics in a CSTR reactor:

k4 _ )((1+ sA)()v

(1-x)v
Where:

X= volatile fractional conversion

g4 = ratioof mols of gas before and after cracking rxns (estimated= 6.5 as MW
of levoglucosan is 162 and average cracked products MW is assumed to
be ~25)

v = volumetric flowrate

V= reactor volume

4= rate constant for reaction #4 (volatiles cracking to gases)

The volatile conversion in this model is defined as:

(Utt. Carbon content — Prox. Fixed carbon)

Ult carbon content
(Ult. Carboncontent —Prox. Fixed carbon)

] x50% —% carbon converted to tars
Volatile Conversion (%) =

x100%

0
Ult carbon content ] x50%

The denominatorin this equation is the nominal volatile carbon content of the biomass (per the proximate
analysis), buta50% correction factorisincludedto account for the fact that some devolatization products
are permanent gases, moisture, etc. that won’t crack any further, or don’t crack to the extent that the
larger volatile species do.

The temperature of the CSTRis the initial wall temperature in the coil,as previously defined. In addition,
the reaction rate of the volatiles is observed to be approximately proportional to the carbon (char)
concentrationinthe hotzone, toan n=0.9 power. The results from this analysis, for Western State Forestry
(WSF) Colorado Soft Wood chips only are presented in Figure 6-13 below.
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Figure 6-13: Arrhenius Plot for Tar Cracking Model. Carbon Concentration corrected; n=0.9; WSF
Wood Chips Only

An activation energy of 243,481 J/molK and a pre-exponential constant of 1.099 x 10*° fit the data.

Tar levels in syngas were not able to be correlated statistically with other reformer primary operating
variables such as steam/biomass ratio, coil residence time or reformer outlet temperature, which were
expected to be significant. This seems to support the simplisticmodel described above, which has initial
skin temperature as a primary operating variable, with biomass feedrate as a secondary variable.

Inthis proposed model, the volatiles would be released from the biomass/char particles in athin hot layer,
close to the coil wall, and would be exposed to atemperature approximating the walltemperature at that
location (notthe bulkgas temperature). Afterthe volatiles are crackedin this hot zone, they will pass into
the colder bulk gas phase, where some limited additional tar reactions may occur (limited by lower
temperature and reactant dilution). The volatiles in this hot zone will be concentrated, as steam and
syngas fromthe bulk gas phase will be excluded from this boundary layer, by net gas flowout of this zone.

The fact that the rate equation fits the databest usinga n=0.9 order carbon concentration term, seems to
support the argument that the tar cracking reaction is facilitated by the char meaning that the charis
providing active catalytic sites, and the number of active sites is proportional to the feedrate and char
concentration in the defined hot zone.

Thistheoryis alsosupported by the limited testing conducted at NREL, passing pyrolysis gas generated
from our WSF biomass, through a bed of char, using char produced atthe PDU. In this case, the charbedis
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controlled at approximately 1500°F, and the type and quantities of volatile species changes significantly
across this char bed, resulting in mainly aromatic tars (naphthalene, benzene, anthracene, etc.) but
significantlyreduced heavy polyaromatics (PAHs), oxygenates, phenolics, non-aromatics and methylated
tars exit the char bed (see Figure 6-14 below):
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Figure 6-14: Product Spectra of Vapor Cracking (i.e. no char, top) and high temperature char (bottom)
from Rentech (90 mg) at 800C in Steam (Y-axis represents % of total tars, X-axis is
species molecular weight

These findings are consistent withother literature on the effectiveness of biomass derived char as a tar
cracking catalyst. Data from one paper by Wang et al @jsincluded in Figure 6-15 below:

CONFIDENTIAL — Red italics represents proprietary information

Page 86



1ﬂ0 '/ﬁl_w’/yﬂ

ag ¢ ’

+ no catalyst
& wood char
O coal char

» Nifwoodchar
O Nifcoalchar

Tar Removal Rate (%)
b=

60
-
50
a0 : . : : :
650 700 750 800 850 900
Temperature (°C)

Figure 6-15: Effect of Catalytic Tar Cracking Temperature on Char Catalyzed Tar Cracking

The above CSTRtarreaction model suggests that the particles should fitinto a viscoussub-layer (boundary
layer) adjacent to the wallfor maximum performance; otherwise, volatiles may be more easily swept or
released into the bulk gas flow before having adequate opportunity to react at the pipe wall. For fully
developed turbulent flow in a pipe, this layer may be as large as 0.15” at typical Livingston operating
conditions, but will reduce significantly at higher pipe velocities (e.g.as experienced at the PDU). This issue
may have some bearing on acceptable particle sizes (and initial pipe flow conditions) for Rentech-Clear
Fuels reformers. Without additional testing, it is best to assumethat the feed particle size should be equal
to or less than the boundary layer thickness expected at the inlet to the HEHTR coil, as a precaution,
pending additional testing on particle size.

The impact of feedstockon tar contentin the syngas has not beenstudied extensively, but the Arrhenius
chartfrom Figure 6-13 above, isreproduced in Figure 6-16 below with multiple feedstocks types (straight
line fit for WSF feed as a reference):
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Figure 6-16: Arrhenius Plot for Tar Cracking Model. Carbon Conc. corrected, n=0.9, Multiple
Feedstocks

The data might indicate that syngastar contents with bagasse, pellets and hardwoods may be higher than
for softwoods (mainly WSF material) and that feedstocks such as sander fines may produce less tars
relatively. More extensive testing would be requiredto improve the tar modeling and make it feedstock-
specific.

Obviously, this simplefirst order model doesn’t capture the complexity of what tar/volatile reactions are
occurringinreality, and assuchitisn’t able to predict adetailed tar analysis. This issue is discussed later.

Interms of scale-upthe model described above can be used to estimate tar production in a commercial-
scale gasifier. Due to the high order (n=0.9) carbon concentration term used in the rate equation, the
syngas tar level can be maintained at arelatively low level, even atincreased coilfeedrates, as long as the
initial walltemperature can be maintained at a high value. This is confirmed by ANOVA of the PDU and
Livingston Tar analysis (after the Wasson was installed), which indicatedthat only initial skin temperature
is significant (P-value < 0.05), with regards to the syngas tar content.
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C.16 Tar Species

For the total tars (excluding benzene), the breakdown of the tar species can be modeled using the
following criteria:

Assume toluene at 3 mol% of total tars
Use the following equation to determine the total syngas light tar (MW< 202) content as a % of the total
tars:

Lt tars (%) = 81.1—0.037 x Initial wall temperature (°F)
Use the following equation to determine the total syngas heavy tar (MW = 202) content as a % of the total
tars:

Hvy tars (%) = 174.6 —0.097 x Initial wall temperature (°F)

(Note: forinitial wall temps > 1800°F, set Hvy tar % =0).
Assume the balance of the total tars are naphthalene (e.g. the % naphthalene in tars will increase as the
initial walltemperatureincreases, but the total syngas tars and total syngas naphthalene content should

reduce, as the initial wall temperature is increased).

For the light tars assume the following mix of components:

Acenaphthalene 50%
Phenanthrene 30%
Anthracene 20%

For heavy tars assume the following mix of components:

Pyrene 50%
Fluoranthene 44%
Benzofluoranthene 3%
Benzoperylene 2%
Benzopyrene 1%

C.17  Syngas Methane Content

Published reaction kinetics for non-catalyzed steam-methane reforming would indicate that very little
methane reforming would be expected, at the low residence times experienced in the HEHTR. In fact, the
methane content of the syngas can be reduced significantly, when operating at high initial skin
temperatures, which seemstoindicate that, as per the tars, methane reforming can be catalyzed by the
hot char also (i.e.whenincreasing initial wall temperatures to reduce tars, the methane content of the
syngas will also tend to reduce).

In fact, there is published data indicating that char/carbon can act to catalyze methane reforming,
including the Figure 6-17 below, reproduced from Lee et al ®', which shows the extent of conversion of
methane in the presence of steam and an activated carbon, at increasing temperatures.
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Figure 6-17: Methane Conversion vs. Time over BP-2000 at Different Temperatures.

A similar “hot zone” CSTR model to that constructed for tar cracking, and described above, has been
constructed for methane decomposition, including a carbon concentration term (in this case using an ¢4
value of 2.0(instead of 6.5)). Also, in this case, the orderforthe carbon concentrationterm s bestfitted by
an order of 0.7 (n=0.7). The Arrhenius plot for the plant data is presented in Figure 6-18 below:
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Figure 6-18: Arrhenius Plot of CH4 Decomposition/Reforming. Carbon Conc Corrected (n=0.7). WSF
Only

An activation energy of 213,788 J/molK and a pre-exponential constant of 1.531 x 10" fits the data.

The impact of feedstockon syngas methane contentinthesyngas has not been studied extensively, but
the Arrhenius chart from Figure 6-18 above is reproduced in Figure 6-19 below with multiple feedstock
types (straight line fit for WSF feed as a reference):
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Figure 6-19: Arrhenius Plot for Methane Decomposition/Reforming. Carbon Conc Corrected (n=0.7).
All Feeds

Similarfeedstock trends with regards to syngas methane content, to those indicated for tars seemto exist.

It'simportant to note that there is some significant variability around the first order model fit and the
plantdataforthis Arrheniusplot, as for many of the plots included in this report. This is believed to be
due, in part, to the variability in catalytic activity of the char, whichdepends on feedstock properties, ash
contents, heating rates, and many other parameters. This variability makes it literally impossible to
accurately estimate the gas analysis from the HEHTR, although the parametric and fundamental models
developed attempt to provide an estimated gas analysis. In this regard, it is probably prudent to establish
error bars with the estimated gas analysis for future work.

Atlow initialwalltemperatures, some of the data falls well belowthe Arrhenius curve. This is believed to
be a result of there literally being no CH, decomposition reactions occurring at these low initial wall

temperatures. Hence an initial wall temperature of approximately 1600°F might be considered a minimum
“strike” temperature for these reactions.

It’s also worth mentioning that methaneis believed to be formed via initial biomass pyrolysis, but also is

subsequently formed, in secondarygas phase reactions, as methane groups break off of methylated tar
species.

The simple first order model described above predicts syngas methane contents as low as 4-5 vol% at low
feedrates and highinitial wall temperatures or as high as 12 vol% (the assumed methane content of the
syngas after devolatization(i.e. with no methane decomposition). This largely matches the range of syngas
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methane contents measured at the PDU and at the Livingston plant. The point being that the methane
content of the syngas can be reduced significantly, by appropriate reformer design, which may be
desirable (i.e. BtLapplications forthe technology). Another point that needs to be recognized is that this
methane reforming comes at significant thermal cost. The methane reforming reaction is highly
endothermicand drivingthe CH, content of the syngasdown significantly increases the absorbed duty of
the coils, and hence increases the required fired duty for the HEHTR.

C.18 Syngas H,:CO Ratio

Plots of the syngas H, :COratio versus initial wall temperature for the Livingston 2” coil, the Livingston 3”
coil and the PDU are included in the figures below:

H2:CO Ratio (Liv 2" Data)
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Figure 6-20: Syngas Hydrogen to CO Ratio Data for Livingston 2" Coil
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Figure 6-21: Syngas Hydrogen to CO Ratio for Livingston 3" Coil
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Figure 6-22: Syngas Hydrogen to CO Ratio for PDU HEHTR

The 2” coil Livingston data presented above wouldseem to indicate that coil residence time does not have
a significant impact on syngas H,:CO ratio at lower initial skin temperatures, but that at higher skin
temperatures, the higher residence time does appeartoimpactthe H,:COratio. This is less clear with the
PDU data plotted, probably primarily due to there being less overlap of the data at similar initial wall
temperatures(i.e.lesscomparative data at similar skin temperature and different coil residence times).
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It would appearthat the Livingston3” coil producedhighersyngas H,:CO ratio forthe same gas residence
times (up to residence times of 1.2 sec) and equivalent initial wall temperatures, as the 2” coil. Above
initial walltemperatures of 1700°F at least the syngas H,:CO achieved in the 3” PDU coil also appeared to
be higher than was achieved with the Livingston 2” coil. This is explained, at least partially, below.

Givenall of the abovedata, itis not asimpletask to model the syngas H,:CO ratio and provide a predictive
tool. Although itis possible to construct amore rigorous model, it appears that a simple correlation with
the syngas methane content provides a useful correlation. This correlation is represented in the figure
below:

Syngas H,:CO ratio versus CH4 Content (Excl fines)
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Figure 6-23: Syngas Hydrogen to CO Ratio vs Methane Content (excluding dryer and sander fines)

The correlation that fits the curve approximates:
H,:CO ratio = 9.88—2.355 x CH, mol% + 0.216 x (CH, mol%)>-0.0068 (CH, mol%)*

The reason that dryerand sander fines were notincluded inthe above chart, is that these finer feeds did
seem to result in higher syngas H,:CO ratios, for the same syngas methane contents than the regular
Livingston ground (and reground) materials, including the bagasse and hardwoods that were run at
Livingston. The particle size distributions are shown in the following table:
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Table 6-9: Particle Size Distributions for Various Feedstocks

>2mm (%) 1-2mm (%) 0.5-1mm(%) < 0.5 mm

%
Double Ground WSF Feed 12/12/2012 3.5 36 32 (29)
Ground WSF Feed 28.0 47 22.2 2.7
WSF PDU Ground November 2012 37 39 18 5
Double Ground WSF Feed 1/14/2013 9.2 26 28 37
Dryer Fines 4.0 12.7 43.1 40.2
Sander Fines 0.04 1 18 81

For reference the Dryer Fines and the Sander Fines are shown below, and are significantly finer and
somewhat drier than the normal WSF feeds:

Figure 6-24: Fier Feedstocks

So even though the re-ground Livingston WSF feeds produced syngas H,:CO ratios that fall on the
proposed correlation curve, the smaller Dryer and Sander Fines resulted in data, as plotted in the figure
below:
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Figure 6-25: Syngas Hydrogen to CO Ratio vs. Methane Content (Finer Feedstocks Included).

C.19 Syngas Benzene Content

A similar “hot zone” CSTR model to that constructed for tar cracking, and described above, has been
constructed for benzene decomposition, including a carbon concentration term (in this case using an g4
value of 3.0(insteadof 6.5) and the orderforthe carbon concentration term is best fitted by an order of
0.1(n=0.1)). The Arrhenius plot for the plant data is presented in Figure 6-26 below:
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Figure 6-26: Arrhenius Plot for Benzene Decomposition/Reforming. Carbon Conc Corrected (n=0.1).
WSF Only.

An activation energy of 207,850 J/molK and a pre-exponential constant of 4.356 x 10™* fit the data.

The impact of feedstock on benzene content in the syngas has not been studied extensively, but the
Arrhenius chartfrom Figure 6-26above is reproducedin Figure 6-27 below with multiple feedstocks types
(straight line fit for WSF feed as a reference):
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Figure 6-27: Arrhenius Plot Decomposition/Reforming. Carbon Conc corrected (n=0.1). All Feeds

Similarfeedstock trends with regards to syngas benzene content, to those indicated fortars seemto exist.

Benzeneis producedininitial biomass pyrolysis, but also is the product of gas phase decomposition of
heavier, polyaromatic tar species. This may partially explain why the reaction model is fitted best, with
onlyalow order(n=0.1) forthe carbon concentration term(i.e. char catalyzed reactions at initial pyrolysis
are not as critical).

C.20 Syngas Ethylene Content

A similar “hot zone” CSTR model to that constructed for tar cracking, and described above, has been
constructed for ethylene decomposition, including a carbon concentration term (in this case using an ¢,
value of 2.0(insteadof 6.5) and the orderforthe carbon concentration term is best fitted by an order of
0.9 (n=0.9)). The Arrhenius plot for the plant data is presented in Figure 6-28 below:
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Figure 6-28: Arrhenius Plot for Ethylene Decomposition/Reforming. Carbon Conc corrected (n=0.9).
WSF Only.

An activation energy of 386,007 J/molK and a pre-exponential constant of 1.059 x 10> fit the data.
The impact of feedstockon syngas ethylene content in the syngas has not been studied extensively, but

the Arrhenius chart from Figure 6-28 above is reproduced in Figure 6-29 below with multiple feedstocks
types (straight line fit for WSF feed as a reference):
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Figure 6-29: Arrhenius Plot for Ethylene Decomposition/Reforming. Carbon Conc Corrected. (n=0.9).
All Feeds.

Inaddition to the kineticreaction model described above, itis also possibleto correlate the ethylene and
methane concentrations, as indicated in the figure below:
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Figure 6-30: Syngas Methane Content vs. Ethylene Content

C.21 Biomass Devolatization

In orderto be able to estimate the absorbed duty-temperature relationship for the steam/biomass stream,
it is necessary to estimate the degree of devolatization of the biomass as a function of the stream
temperature and/orthe distance downthe coil(s). In-coil gas analysis data collected on the 3” coil installed
at the Livingston pilot plant allows the extent of gas production at specific pointsin the coil to be assessed,
using anitrogen and/or argon balance, as well as the actual gas analysis. The results of this analysis are
summarized in the charts below:
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Figure 6-31: Hydrogen Yield vs. Coil Length
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Figure 6-32: COYield vs. Coil Length
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Figure 6-34: Methane Yield vs. Coil Length
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Figure 6-35: Ethylene Yield vs. Coil Length

¢ X1
C6H6 SCF/Ib vs Coil Length . e
0.160 A 1X4-2

0.140 . / X

0.120 X
y =0.0773x0475 /

0.100 = [ ]

LX6

X3

1X3-2

1X12

1X13

LX10

1X11

. LX15

Figure 6-36: Benzene Yield vs Coil Length
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Figure 6-37: Tar Yield vs. Coil Length
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C.22  Air Injection

Airinjection upstream of the HEHTR coil(s) was tested at both the PDU and at Livingston to determine if
this could be used as a way to minimize tar production, as well as a way to reduce the required coil
absorbed duty.
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Figure 6-38: Impact of Air Injection

Interms of tar reduction, the following curveindicates that air injection, per se, does not tend to reduce
syngas tarcontent (i.e. theln k4 value does not seem to increase more rapidly than would be expected
purely as a result of increased coil skin temperature, for most of the air injection test conducted).

However, it does appear that in several cases, the air injection did in fact reduce the syngas tars
significantly by virtue of the fact that it increased the initial wall temperature. Hence, air injection may still
be a valid tarreduction feature that can be employed, in addition to simply reducing the absorbed duty
requirement, by internal heat generation in the coil.

A rough approximation for the reactions producedby airinjection into the coilis approximately 70% of the
oxygen reacting with H,, 15% with carbon monoxide and 15% partially oxidizing methane to CO + 2 H,. As
well as being consistent with PDU and Livingston plant observations, this stoichiometry is consistent also
with the data in Reference 10.
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C.23 Coke and Soot Production

Scanning electronmicroscopyof char producedat the PDU showed evidence of fine particles, with high
carbon concentration, adhering to larger char particles. Results of this SEM are provided below:

High carbon content of s oot,
with minimalorno ash
present

Figure 6-39: Scanning Electron Micrograph of Char from PDU HEHTR

Also, the bimodal nature of the particle size distribution of sampled venturi water (See figure below),
suggests thatthereis someamount of very fine particulate, that is passing through the cyclones and oil
scrubber, and is being collected in the downstream water wash tower, or the downstream filters.
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Figure 6-40: Ash/Char Particle Size Distribution in PDU Venturi Water
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Additional planned testing on charand carbonaceous solids collected at the PDU, to determine what % of
these materials may be generated from soot forming reactions, is currently on hold.

Without additional soot analysis beingable to be conducted atthe PDU, it is suggested that an allowance
equal to 2% of the biomass feed (approximately4% of the feed carbon content) for soot production, which
is present primarilyas very fine particulate material, that is able to pass through primary and secondary
cyclones, is sufficient. This is consistent with data presented in Reference 11 also.

C.24  Char Recycle

Charcould be recycledin aseparate coiloritcould be recycled back, with the fresh biomass, in the same
coil. The argument for recycling it back with biomass would potentially be that the additional catalytic
effect of the char tends to enhance one or more of the favorable char catalyzed reactions.

A test was conductedat Livingston, using a mixture of biomass (77 wt%) and char (23 wt%). The figures
below illustrate the apparent impact of the char recycle on several secondary reaction rates.
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Figure 6-41: Tar Cracking Kinetics for Biomass/Char Mixture
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Figure 6-42: Methane Decomposition Kinetics for Biomass/Char Mixtures
Ln k (Bnz Thermal Decomposition - 1st order. Carbon
8.00 Corrected, n=0.1, Incl. Biomass/Char Mix
7.00 *
6.00 o8
& PDU WSF
5.00 |~ *
goo | mLiv2" WSF u \¢’
5 : n ‘
2.00
1.00
0.00
0.70 0.75 0.80 0.85 0.90 0.95
1/(Initial Hot Wall Temperature) *1000 (1/K)
Figure 6-43: Benzene Decomposition Kinetics for Biomass/Char Mixtures
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Figure 6-44: Ethylene Decomposition Kinetics for Biomass/Char Mixtures

Inaddition, the syngasH,:CO ratiomay have increased marginally, for the 77% biomass/23% char run, but

the original relationship still seems to be largely applicable.
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Figure 6-45: Syngas Methane and H2:CO Ratio Correlation for Biomass/Char Mixtures
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Inthe case of char recycle, there is additional carbon present in the reformer pyrolysis zone, and this is
expected toincreasethe reaction rates, to some extent, as a result of the carbon concentration termin
each of the species gas kinetic models. It appears that at least for tar, benzene and ethylene
decompositionreactions, additional char recycle has the expected effect, in that these decomposition
reactions appearto proceedatroughly therate calculated by the model (i.e.taking into accountthe higher
carbon concentrations). In the case of methane decomposition, the actual reaction rate is slower than
would be anticipated, as a result of the increased carbon content.

Hence, char recycle, in particular for syngas tar control may be a valid approach, although the capacity
limits described below may effectively limit the extent to whichthis control can be employed. In addition,
there is the impact on overall carbon conversion that needs to be considered.

The Livingston test with combined WSF biomass (55 Ib/hr @ 52% C) and char (16 Ib/hr @ 83% C) was run
with a calculated overall carbon conversion of 72%. The carbon conversionmodel described above would
predictaconversion of 82% with biomassonly feed (assuming no interaction with the char, but accounting
forthe combinedfeed flow to the coil). Hence, if the biomass conversion was actually 82%, the conversion
of the char only could be estimated at approximately 50%, which is not significantly different to the carbon
conversion achievedfor 100% char only recycle testing conducted at Livingston, which was 60%, at similar
conditions.

Hence, the presence of the biomass and more importantly the higher syngas species concentrationsin the
coil, didn’t appear to significantly inhibit the char reactions.

Hence, charrecycle could be employed either in a separate (dedicated) coil or it could be employed by
simply pre-mixing char with the biomass feed. A 50% carbon conversion per pass of the char can be
assumed in either situation.

C.25 Trace Analysis
Sulfur

From syngas and wateranalyses, the sulfurinthe biomass partitions such that approximately 10% of the
biomass sulfuris retainedin the char, 50% to the wash waterand 40% in the scrubbed syngas, essentially
all as hydrogen sulfide, depending on the water wash conditions (e.g. pH, temp, etc.).

Nitrogen

Approximately only 10% of the biomass nitrogen is released as ammonia and hydrogen cyanide in the
syngas, with only 1% or less of the nitrogen remaining in the char and the balance being released as
diatomic nitrogen, in the syngas. The low conversion of biomass nitrogen to ammonia and hydrogen
cyanide is believed to be related to the fast pyrolysis conditions that exist in the HEHTR. This issue would
probably warrant additional testing, at alater date, if possible. Of the nitrogen released as ammonia and
hydrogen cyanide, approximately 12% is in the form of hydrogen cyanide, with the balance (88%) being
presentasammonia. Almost all of the ammoniaand hydrogencyanide is removed in the water scrubber.
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Chlorine

For design purposes, assume that 100% of the biomass derived chlorine is volatized into the syngas
stream. All of this should be recovered in the water scrubber.

C.26 Ash Constituents

By and large, the majorash constituents in the biomass remainin the char. Exceptionsto this are chloride,
described above, which can be assumedto be almost 100% volatized into the syngas and potassium and
manganese, which are likely released as KCl and MnCl, respectively. If 100% of the chlorine present is
volatized either with potassium or manganese, which should set the upper limit for the expected
volatization of these two ash constituents, KCl will be the primaryform of the chloride. Ash analysis at the
PDU indicated that approximately 25% of the potassium present in the feedstock was volatized into the
syngas.

C.27 Feedstock Particle Size

Asdescribedabove, thefinerfeeds (dryerfines and sander fines) did produce syngas with a higher H,:CO
ratio, relative to the syngas methane content, than the otherfeedstocks processed at Livingston or at the
PDU.

The carbon conversion rate dataforthesefiner feedsoverplayed on Figure 6-9, and are highlighted on the
carbon reaction rate plot below:

Carbon reaction rate vs Carbon Rate (Incl Dryer & Sander Fines)
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Figure 6-46: Carbon Reaction Rate Data for Finer Feedstocks
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This datawould seem toindicate asomewhat higherrelative reaction rate, for relatively low initial wall
temperatures, for both materials, but particularly for the sander fines.

Data fortar, methane, benzene and ethylene decomposition reaction rates are included in the earlier
sections and also seem to indicate that these finer feeds are more reactive at lower initial wall
temperatures.

C.28 Feedstock Moisture

Most of the feedstocks processed atthe Commerce City PDU and the Livingstonpilot plant weregenerally
relatively dry (5-15wt% moisture), so extensive parametrictesting at a wide range of feedstock moistures
was not able to be conducted. Data was collectedat the PDU, at low feedrates(330/b/hr) on WSF material
and at similarinitial walltemperatures forarange of feedstock moistures, from 25 wt% to 12 wt%. In this
case, the syngas composition, gas yield and conversion were not substantially different and the syngas
total tar content was slightlyhigherin tars for the highmoisture feedstock, but in particular the heavy tar
content was significantly higher for the high moisture feedstock. This data would suggest that it is
preferable to maintain a feedstock moisture at 15wt% or less, for the HEHTR feedstock. Additional testing
is warranted (later) to provide more data on the impacts of higher moisture feedstocks.

C.29 Coil Maximum Capacity

Neitherthe PDUorthe Livingston plant were able to be run continuously at sufficiently high feedrates, to
ascertain definitively the ultimate capacitylimitsof the HEHTR reformeritself. There was, however, some
limited operations at higher rates, which provide some data, as discussedbelow, and thereis literature on
the capacity limits determined for the vortex reactors as determined by Lede and by Diebold

Both Lede and Diebold described the maximum capacity of the vortexreactor systems they operated and
both determined that the ultimate capacity limit to be approximately 6.5 Ib/hr per ft” of vortex reactor
internal surfacearea. Forthe PDU, this limit would equate to an approximate feedrate of 650 Ib/hr per coll
(using only the outside area of the helical coil). For the 3” coil installed at Livingston, the limit would
equate toafeedrateof 2801b/hr. In both cases, we were not ableto operate either unit at these feedrates
continuously, to be able to test these limits.

Lede™ reports rapid metal temperatureincreases as the vortexreactor beganto plugat higher feedrates.
Data collected fromLivingston, at high feedrates, show that the skin thermocouple at point A increased
significantly, relative to the downstream skin thermocouples. Some of these temperature trends are
providedinthe figures below, as well as a skin temperature trend at lower feedrates, for comparison:
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Figure 6-47: Normal Skin Temperature Profiles at 130 Ib/hr Biomass Feedrate for Livingston 3" Coil.
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Figure 6-48: Abnormal Skin Temperature Profile at 230 Ib/hr biomass feed for Livingston 3" Coil (Run

1X3)
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This abnormal skintemperature profile, at increased biomass feedrates, is postulated to be a result of
build-up of materialonthe inside coilat point A, as similarlydescribed by Lede and Diebold. The solids flux
at this condition was approximately 5.3 Ib/hr ft’.

The only time the PDU was operate at something close to the predicted capacity limit (above) of 650 Ib/hr
per coil, was in May 2012, when a feedrate of 1400 Ib/hr (700 Ib/hr per coil) was achieved for a short
period (~1hour). The HEHTR was not operating at the optimum design conditions, resulting in undesirable
tar / charproduction. Due to sticky “deposits” accumulating downstream of the reformer and because of
the high charloading (low carbon conversion) experienced at these higher feedrates, the cyclones and
venturi systemplugged off. When the downstream equipment plugged off, the upstream feed system
followedsuit. Some photos of thefeed line controlvalve and cyclone piping accumulation after this high
capacity operation are provided below:

\ e 3 Sy ;
Figure 6-49: Accumulation on Piping Exit Primary Cyclone (top) and Wood Plug at Temperature
Control Valve (TV-2092) after High Capacity Operation on 5-11-2012

Although wedon’t know from this test what the capacity limit in the HEHTR might be, there is certainly
evidence of very low carbon conversion, overloading the downstreamcyclones, and possibly solids back-
upinthe HEHTR inlet piping (resultingin wood plug at the upstreamtemperature control valve). Hence, it
is not unrealistic to assume that we had reached a practical HEHTR capacity limit at these conditions.
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Based on the limited information we currently have on maximum coil capacity, it is recommended to
design for less than the 5 Ib/hr per ft” of coil surface area (using only outside 50% of coil). This would
equate to a capacity of 650 |b/hr for a 250 ft long 3” coil, and approx. 850 Ib/hr for a 4” NB coil x 250 ft
long. The optimal feed capacity per coil may also be determined by consideration of the achievable carbon
conversion at higher mass fluxes, as described above.

Also, aswe were notableto operateeither Livingston or the PDU steadily at rates close to these stated
limits, thereis significant uncertainty as to what the appropriate capacity limitsfor this technology are, and
thiswould only be able to be resolved with additional pilot plant testing, which is not an option at this
point. Hence, the capacity limits stated above are conservative.

As an additional reference point, the Brightstar reformer deployed in Australia around the year 2000 was
eventually shut down. The unitonly achieved 75% of the name plate capacity of around 3800 |b/hr, or less
than 2800 Ib/hr feedrate achieved. That unit had six (6) 3” NB incoloy 800HT coils, which equates to
around 500 dry Ib/hr per coil.

C.30 Coil Velocity Limits

No coil erosionwas detected in the PDU coil during the 2240 hrs of ClearFuels operation, although cracks
did develop intheoutlet piping, as aresult of piping stress. Some impingement/erosion was evidentwhere
the two PDU coils enter the outlet header, opposite the coil entry pointsto the headerand severe erosion
of the thermowell that was locatedin the outlet header was experienced at one time, before installing an
impingement pad on the well.

Livingston testing durations were much shorterand although a number of cracks did develop during the
testingatthe coil inlet, outletand the WHB inlet, the coil and piping did not generally appear to be thinned
as aresultof erosion. The exceptionwas a crack that developed at the outlet of the HEHTR coil, that did
show signs of thinning dueto erosion at the upstream elbow, but this was an original coil component, with
many operating hours.
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The 180 degree returnbendon the WHB did fail during the Livingston testing, apparently due to thinning,
s0 180 degree bends need to be avoided. Likewise short radius elbows should be avoided in the piping
transitions to and from the reformer and associated equipment.

As ethylene cracking furnaces operate with coil velocities up to 500 ft/s, have elbowfittings, but have coil
livesinthe orderof years, HEHTR coil velocities up to this value should be acceptable, but ideally normal
operating velocities are somewhat less.

Specificimpingement pointslike HEHTR coil entry points into an outlet header, etc. should be assessed,
and if necessary, erosion pads provided.

The thickness of piping elbows/transitions and the HEHTR coil “back wall” should be assessed to determine
what corrosion allowance is available, at system operating and design conditions.

C.31 Maximum Coil Metal Temperatures
The maximum coil metaltemperaturesat the PDUand at the Livingston plant were higher than would be

acceptable inacommercial plant design, where coil life would need to be 50,000 to 100,000 hours. Using
API-530 calculations for Incoloy 800HT material, and assuming a coil life of 100,000 hours at a nominal
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design pressure of 50 psig, aSchedule 40 coil material couldbe utilized and achieve the desired coil life at
a maximum skin metal temperature of 1800°F, with some allowance for corrosion/erosion.

Hence, 1800°F is suggested as the maximum skin metaltemperature in the commercial unit design. As it is
necessary to attain a high skin temperature (1700— 1750°F) early in the coil, itis then necessary to design
a HEHTR radiant box that allows the heat flux and resultant coil temperature profile to be controlled
accurately to achieve the desired goals of high initial skin temperatures without exceeding the specified
maximum skin metal temperature. This is the primary driver in the commercial unit design described
below.

C.32 Transport Steam Flow

The firstrequirement of the transport steam is to ensure that the biomass is transported via the Steam
Mixing Vessel and the HEHTR feed piping, into the HEHTR without saltation of the biomass particles
anywhere in the system.

Itisrecommended that the transport steam flow is set at least at a minimum of 2x this reaction steam
extent, to ensure that sufficient steam partial pressure is maintained in the coil, to drive the required
reforming reactions. Typically the extent of steam reaction is 0.2 x the dry biomass flow, so a minimum
steam to dry biomass ratio of 0.4 is typically required.

Increased transport steam will increase the coil mass flux and hence the coil inside heat transfer
coefficient,and so willmake it more difficult to maintainthe necessary high initial wall temperatures for
fast pyrolysis.Itis recommended that the transport steamrate is set highenough for satisfactory transport
of biomass into and through the HEHTR coil, but that excessive transport steam flows don’t resultin a
requirementforexcessive radiant box temperatures, to achieve the required initial wall temperature.

In practice, radiant box temperatures as high as 2200°F, or more, are employed in ethylene cracking
furnaces, butitisrecommended to keep the HEHTR commercial design radiant box temperature below
2100°F, to minimize high temperature material carburization and oxidation of burner and coil support
materials. Atthesehighradiant temperatures, it will still be necessary to consult with heater vendor(s) to
ensure that materials are selected that satisfy therequired service life and to assess impacts on the NOx
emissionsforthe burner. Amore detailed discussion regarding high temperature burners is provided by
McAdams et al

C.33 Coil Feed temperature

Coil feedtemperatures of more than 350°F should be maintained, certainly no less than 300°F, to ensure
that biomassis maintainedin adry, clump-free state, in the feed piping. Coil feed temperatures of less
than 450°F are recommended, certainly no more than 550°F to prevent premature devolatization of the
biomassinthe feedsystem,whichcan resultintarand solid depositsin the Steam Mixing Vessel and feed
piping, which can cause feed system plugging.

C.34  Operating Pressure

All of the PDU and Livingston plant testing was conducted at reformer outlet pressures of less than 25 psig.
This is the recommended maximum reformer outlet pressure for future designs.
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C.35 Air Injection Design

Air injection to the HEHTR coils, if employed, should be done in the biomass/steam inlet piping, just
upstream of the HEHTR, to avoid potential accumulation of oxygen/volatiles in the feed system and piping.

C.36  Stream Splitting

Feedstreamsplitting was a challenge at the PDU(c.f. Livingston only had one coil). The issue at the PDU
was that the unit would intermittently experience coil temperature deviations (i.e. different coil
temperature profilesin thetwo coils). This phenomena was due to partial laydown of material in one coil,
typicallyat higher biomass feedrates and lower transportsteam flows, which resulted in some increased
gas flow resistancein that coil. Once this laydown started in one coil, the gas flow would preferentially
flow to the clear coil, further reducing the gas velocity in the partially plugged coil, which would very
quickly resultin atotal pluggage in the one coil, unless feed was cut or the individual coil temperature
valves were adjusted quickly, in response to the initial coil temperature deviations.

Feed stream splittingis discussed in more detail in the CFD modeling discussions below. For the 20 DTPD
modular (commercial) design described below, asingle feed screwis recommended for each coil, to avoid
this problem.

C.37 Waste Heat Recovery

The operating experiences with syngas waste heat recovery on the PDU and at the Livingston pilot plant
were very different. During initial operations the PDU syngas cooler plugged very quickly and was
eventually replaced with a water quench system, whereas the Livingston pilot plant WHB appeared to
operate without significant foulingduring the duration of the Livingstontesting. The waste heat recovery
was notre-tested beforethe close of the project. Acomparison of the design features for each cooleris
provided in the table below:
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Table 6-10: Comparison of PDU ||l Synsas Cooler Arrangement

PDU Syngas Cooler

Heat Exchanger Design Firetube boiler, Fixed tube-
sheet (98 tubes x 10 ft
long)

Process Inlet temperature (°F) 1750

Process Outlet temperature (°F) 450 - 550

Steam generationtemperature (°F) 429

Estimated syngas tar dew point (°F) 375 —525, depending on

operation
Tube ID (in) 1.012
Tubeside velocity (ft/s) 25 — 35 at tube outlet
Estimated fouling factor (°F ft’ 0.12
hr/Btu) (in 24 hours of operation)

The Livingston pilot plant fouling factor was stable at 0.02 —0.04°F ft* hr/Btu during the testing, which
was confirmed via visual observation of the WHB tube surface, which did not seem to show increased
fouling over the test period.

For the commercial unit design, the tar dew point should be determined and the syngas cooler tube
metal temperatures should be maintained at least 50°F above this dew point temperature. Large
diameter tubes should be utilized (1.5 in minimum) to prevent cake build-up on the tube surface
partially plugging the tubes. A targettubeside velocity of 60 ft/sin the tubes, atthe cooleroutlet, should
be employed as a compromise to ensure that fine particulates are fully dispersed in the gas stream,
while minimizing tube erosion.

Itisrecommended thatthe tar dew pointis calculated usingthe www.thersites.nlweb site, and that the
calculated dew point is corrected for elevated system pressure.

A design process side fouling factor of 0.05°F ft* hr/Btu should be utilized.
C.38 Char Particle Size Distribution

Particle size distribution data collected for raw biomass, char and soot exit the HEHTR is summarized in
the table below. Sootisassumedto be 100% smallerthan 5 micron. For smaller or larger feed particles,
itis suggested that the char PSD is ratioed to the biomass feed PSD:
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Table 6-11: Biomass, Char, and Soot Particle Size Distributions

Particle Biomass Feed Char Soot
Micron Size (wt% retained) (wt% retained) (wt% retained)
1500 22 0 0
1000 13 0 0
800 14 3.8 0
400 14 16.7 0
200 24 13.6 0
100 13 6.8 0

80 0 13.2 0

60 0 18.4 0

40 0 11.8 0

20 0 6.2 0

10 0 25 0

5 0 4.5 0

2 0 24 33

1 0 0 33
<1 0 0 33

C.39  Absorbed Duty

The HEHTR coil absorbed duty is modeled using a heat of formation and enthalpy balance calculation,
whichisembeddedinthe ClearFuels HYSYS modeltemplate. The model has been validated using Aspen
Plus.

C.40 Coil Metallurgy

Incoloy 800HT is recommended as the HEHTR coil material as it is a readily available wrought (not
centrifugally cast) material that is able to be formed into the helical shape required for the ClearFuels
reformer, and it has the necessary high temperature creep resistance required for the service.

Another higher temperature material was identified (Haynes HR-160) as an alternate alloy, but it is
preferableto design a unitthat can operate satisfactorily with 800HT coil metallurgy due to material cost
and delivery, if at all possible.

C.41 Coil Diameter

As describedabove, scaling up toa4” coil, from 3” NB provides only a limited increase in achievable coil
capacity (approximately 30%) anditis uncertain, fromthe available performance data, if the same carbon
conversion couldbe achieved at this scale-up in feedrate (30%), with the largertube. For these reasons, it
isrecommendedthatthe coil diameteris limited to 3” NB forany scale-up or commercial design proposals.

Particle heating against the outside wall of the coil is the primary mechanism for the fast/flash pyrolysis
required to achieve the performance benefits this technology can provide. That heating might be
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accomplishedmore easily in a coil witha somewhat elliptical cross section (longer axis in vertical) versus a
purely circularcross section.Infact, itis believedthat this non-circular profile can be readily achieved in
the process of forming the coil.

1
THICK INTRADOS

) _’ THIN EXTRADOS
I

Figure 6-51: Coil Cross Section in Bending

This oval pipe cross section would reduce particle crowding at the extreme outside (i.e. at point of largest
distance from the helix centerline) and should provide improved performance. Of course potential
increasedstresses inthe pipe dueto this non-circular profile wouldneed to be assessed in the pipe stress
analysis as well as the potential wall thickness reduction at the outside of the coil.

C.42 Coil Length

Usinga plug flow model developed by Rentech forthe HEHTR technology to model the gas analysis (wet
basis) throughthe HEHTR coils, for the 20 DTPD commercial reformer design, with an assumed 200 ft coil
length, results in the following profile:
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Figure 6-52: 20 DTPD HEHTR Coil Gas Analysis (Wet Basis) Profile
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Figure 6-53: 20 DTPD HEHTR Coil Gas Analysis (Wet Basis) Profile (Continued)

This preliminary analysis would indicate that the coil length could potentially be shortened, to as little as
50% of the 200 ft assumed coil length, depending on the syngascompositional requirements. For example,
inthe case of a 20 DTPD modular unit for hydrogen production, the requirement to maximize the H,:CO
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ratio may dictate thatthe coil length be retained at 200 ft, to ensure that sufficient time is provided for the
maximum amount of shift reaction to occur.

Fora combined heatand power CHP application, this may not be necessary, and the coil may be able to be
significantlyshortened. Further development of the fundamental kinetic model is required to be able to
estimate accurately the required coil length.

The gas analysis profile in the charts above are not entirely consistent with the in-coil gas analysis
conducted at Livingston, the results of which are provided above, and where the gas analysis and
productionis shown to be less stableclosetothe reformer outlet. Unfortunately, there wasn’t enough gas
analysis at the 50% of coil length sample point (point “D”) collected at Livingston, due to failures of the
sample point connections early in the testing, so most of the in-coil gas analysis data collected at
Livingston was onlyat the 15% of coil length sample point (point “C+1”), and whatever data we have from
the point “D” sample pointis somewhat inconsistent.

C.43 Coil Helix Diameter
The Livingston pilot plant reformer had a helix diameter of 3ftand the PDU coil helix diameter was 7.3 ft.

A larger diameter helix reduces the centrifugal forces acting on the particles, and this force holds the
particles up against the outside wall of the coil, and provides a mechanism forincreased particle heating. It
also changesthe slip between the particlesand the gas (particle slowdownrelative to the bulk gas velocity
forsmaller coilhelixdiameters), which increasesthe particleresidencetimein the coil. So there might be
an argument made for minimizing the helix diameter.

As describedabove, thetrajectory of the particle in theinitial part of the coilis not astrong function of the
helix diameter (orthe inletvelocity), but a larger helix provides more coil surface area in the initial hot
pyrolysis zone, asitis definedin this section, and this should be beneficial withregards to the ultimate coil
capacity and the gas quality. In this regard, it might be more accurate to define the capacity limit per coil as
a function of coil helix diameter instead of using a coil surface flux as described above.

Based on the (limited) high feedrate testing at Livingston and the PDU, this relationship would be
represented by the figure below, with the coil capacity being roughly proportional to the coil helix
diameter:
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Figure 6-54: 3" Coil Capacity Limit Vs. Helix Diameter

As minimizing particle-particle interactions and crowdingin the coil hot pyrolysis zone appears to be a key
driverforsuccessful performance of the technology, future HEHTR reformers should err on the side of
usingrelatively large coil helixdiameters, to try and extend this hot zone length, but not at the expense of
being able to maintain a compact HEHTR design with good ability to control the heat flux and coil skin
temperature profiles.

With the concept of commercial HEHTR designusing arefractory box and wall mounted burners, limiting
the coil helix diameter to approximately 5 ft provides a design which achieves even controllable flux
through the coil. Inthiscase, the coil feedrate 4201b/hr per coil, was chosen to achieve a desired carbon
conversion, butthis feedrateis also approximatelyequalto the coil capacity limit, as defined in Figure 6-54
above, for a5 ft coil helix diameter.

C.44 Re-radiating Cone Design

The radiant box and re-radiating cone design for the Livingston pilot plant reformer was much more
conducive to fastinitial heating of the top coil rows than the Commerce City PDU
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Forthe commercial HEHTR design described below, heat flux to the coils will be controlled by an array of
wall mounted radiant burners, in a rectangular radiant box, which avoids the need for a re-radiating cone
altogether, but if a cylindrical, bottom fired HEHTR needs to be constructed, potentially for a smaller
application of the technology, the beneficial featuresof the Livingston plant radiant box and re-radiating
cone design should be incorporated.

C.45 Coil Heat Transfer

Usingthe Livingstonplant radiant boxtemperature, the measured skintemperatures at various points and
the measuredin-coil process temperatures (corrected for conductive and radiant heat effectsin the cail), it
is possible to calculate the coil inside heat transfer coefficient at various points in the coil. This can be
compared to calculated coil heat transfer coefficients using established correlations. The results of this
analysis are summarized in the chart below:
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Measured Coil Inside Heat Transfer Coefficient
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Figure 6-56: Coil Inside Heat Transfer Coefficient

The average measured heat transfer coefficients equates to 70 to 120% of the calculated inside heat
transfer coefficient, using the Dittus-Boelter Correlation for the gas only flow.

C.46  Coil Deposits

The fast pyrolysis which provides much of performance benefits provided by this technologyis achieved in
part by ablative pyrolysis, in which particles literally melt as they contact the coil metal surface. This
ablative pyrolysis leaves amoltenresidue on the coil surface, which over a short period of time is largely
volatized, steam gasified and eroded off by other biomassand char particles. In most cases, the residue is
not able to accumulate and build-up due to these effects.

The capacity limits described above are largelya result of thisresidue being able to accumulate, as the rate
of erosion and gasification can’t keep up with the deposition rate.

The operating experience at the PDU has been that deposits can be removed very effectively by a short
duration (10-15 minutes) steam-only purge at normal transport steam flows, while operating still at
temperature, which appears to allow sufficient time for the residue to steam gasify away.

Hence, it is recommended that some form of online steam-out provisions are made for future HEHTR
designs.Forthe 20DTPD commercial unit design, describedbelow, the four separate feeds should allow a
single coil to be taken out of service and steamed, while the other 3 coils remain operating.

This steam-out operation should be considered in the design of downstream equipment and utilities. The
coil steam-out could also be programmed to occur at regular intervals.
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The PDU coil inlet area was boroscoped aftera shut-down and a small amount of build-up of material on
the bottom of the coil was visible, in one coil only, afterthe elbow which transitions from the vertical coil
drop and into the helical coil. Otherwise there was no evidence that, apart from the coil temperature
deviation incidents discussed elsewhere, the PDU coils were accumulating deposits as a normal course.
That’s probably explained by the typically low biomass feedrates and high operating velocities that the
PDU coil was operated at which averaged 50 ft/s at the coil inlet and 200 ft/s at the outlet.

The 2” coil at Livingston, when removed to install the 3” coil, didn’t show evidence of internal coil deposits.
The average inlet and outlet velocities the 2” coil was operated at were 30 and 110 ft/s respectively.

After completing the Livingston pilot plant testing, there was evidence of laydown of material on the inside
of the 3” coil, as depicted in the photo below:

Figure 6-57: Coil Build-up after Livingston Testing (Reformer Coil Outlet)

The deposit was tested and found to contain only 5wt% organic matter with the balance being primarily
ash, iron and possibly nickel (deposits were slightly ferromagnetic). This average inlet and outlet coil
velocities forthe 3” coil at Livingston 23 ft/s and 100 ft/s, respectively, marginally less than the Livingston
2" coil velocities.

The material processedin the 3” coil included sander fines, which containswax and resin. We suspect that
the resinsincluded in the sander fines producedthe coil build-up, althoughitis not clear why this material
isnotreadily gasified. So, in general, feedstocks with some resin, wax, pitches and/or glues should be
further tested.
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It would be preferableto operatewithinletand outlet coil velocities of 30 ft/s and 120 ft/s, respectively
(i.e. higher than operating velocities for the Livingston 3” coil), to assist in erosion of potential coil deposits,
as they may build up.

C.47 Coil Thermal Growth and Supports

The expansion loop design for the Commerce City HEHTR outlet piping was not optimum and required
continual maintenance and operations attention. Due to repeated start-up and shut-down cycles, the
piping creeped and eventually suffered a failure (ata weld upstream of the BFW quench cracked) during
the plant operations.

The Livingston plant also experienced a crack at the piping weld, upstream of the WHB as well as at the
inletand outlet of the reformer coil.Hence, the design of an operable, maintainable piping system that
addressespiping thermal growth and satisfies the piping allowable stresses not just for normal operation
but also for start-up, shut-down and abnormal operating conditions, is absolutely critical for this
technology to be successfully deployed.

The PDU coil supports werefixed at the top of the reformer, and as the height of the coil was ~28 ft coil
height and 40ft total heated height, the resultant coilmovement at the bottom of the reformer was also
~8"” from cold to operating temperature. The coilbank height and the total heated height should instead
be minimized, inorder to minimize the vertical thermal growth. For example, the 20 DTPD commercial
design, described in Section 5, employsaheated coil bank height of only 13 ft. Rather than dropping the
coil feedsvertically downinto the box, itis preferablefrom a performance and thermal growth perspective
to bringthe coil feeds intothe box horizontally,and with a (very) large sweeping radius transition into the
coil helix. This will maximize the coil capacitywhile at the same time minimizing the piping heated height
and hence the vertical thermal growth.

If the resultant thermal growthis taken up entirely in the outlet piping (to the fixed inlet to the Syngas
Cooler),thereshould be adequate space provisions made for the required expansion loop. For the PDU,
the space forthe loop was constrained and this resultedin an overlycomplex loop design, which ended up
being difficult to operate and maintain.

If at all possibleor practical, itis recommended that most or all of the piping thermal movement is taken
upon theinlet(cold) endof the reformer. Thiscould be achieved by a counterweighted support above the
reformer box, much as is practiced on conventional Steam Methane reformers. Due to the helical coil
design, however, it wouldbe necessary to support the coil(s) in an assembly, whichis separately supported
from above, with the counterweighted support system.

6.0 CFD Modeling

Computational Fluid Dynamics (CFD) modeling of Rentech fluidized bed technologies has been an
ongoing effortinthe Process Development and Reactor Design team since the acquisition of the Silvagas
gasification technology brought with it a suite of CFD models using a precursor to the current Barracuda
software package offered by CPFD Software LLC.

Currently, the primary focus of Rentech CFD modelingis to further its understanding of biomass-steam
systemsinits ClearFuels technology package. The specific areas of interest which have been analyzed
using CFD modelinginclude:
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Biomass transport (transport line from steam mixing vessel to HEHTR)
Biomass feed splitting

Biomass —Steam mixing (steam mixing vessel design)

Flow and heat transfer in helical coils.

There are many considerationsto be made when modeling systems using CFD, especially thoseinvolving
complex two-phase solids-gas flow patterns. Currently, Barracuda is one of the only commercially
available software packages that can be used to model such complex systems; however, the software is
more designed for use in fluidized bed reactor systems of much larger geometries and lower gas
velocitiesthan Rentechis usinginits simulation work. Assuch, itis pertinenttotestthese systems using
cold flow type setups prior to implementing any design which is solely based on CFD work. A full
analysis of each simulation should be conducted before recommending any findings from the system
and it is important to look for uncharacteristic particle flow and to ensure steady state operation has
beenachieved. Additionally, laboratory bench scale systems should be designed to further understand
the heat transfer complexities which occur in these processes.

One of the limitations of the Barracuda software for ClearFuels technology applications is the geometry
of the system. Barracuda uses a Cartesian coordinate systemto define its calculation grid while almost
all flow is conducted in a cylindrical coordinate system. It is important to maintain a high enough
resolution in the simulation to both solve the fundamental equations accurately as well as maintain a
high enoughresolution of the CAD geometry thatis input into the software. This can cause extremely
large grids to be implored for transport line calculations as well as helical coil calculations as there is a
tremendous amount of void space which causes alarge percentage of excess cellsto be rendered which
the grid generatoris unable to remove. The user must balance the need for a high enough resolution
withthe needto complete asimulationinareasonable amountof time. Ingeneral, simulations need to
be performed on truncated geometries of key importance and may take several weeks to solve at a
desirable resolution.

D.1 CFD Modeling — Biomass Transport

Transport of biomass particles within the ClearFuels technology generally falls under a dilute phase
pneumaticconveying flow regime. Particles are fluidized as long as the bulk gas velocity is maintained
above the saltation velocity where particles are maintain in dispersed flow and the pickup velocity
where the gas velocity is high enough to pick up any particles that may drop out of the bulk phase at
high friction points. The volume fraction of biomass as a function of steam to wood ratio is shown
below in Figure 6-58 and is a key operating parameter for CFD simulations as the software sets the
amount of particles that can enter a space based on the closed pack volume fraction. The volume
fraction (9) is defined below as a function of the steam to wood ratio (x).

Ps Mmy20

v=1- Ps+BH;CZQ X mg
¥ - Solids volume fraction,

p: - Gas density,

Phio —Steam density ;

p, —solids density;

Mu20 —steam flow (Ib/hr);

m, —biomass flow (Ib/hr)
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Figure 6-58: Solids Volume Fraction as a Function of Steam to Wood Ratio

Zenzstudied the flow of many different particles (glass beads, FCC catalyst, biomass, coal) in horizontal
pneumatic conveying systems. The figure below shows the comparison of the drag coefficient to the
Reynolds number of the pipe such that the findings are presented simply as a function of the fluid and
particle properties. As expected, his findings show the decrease in saltation velocity with particle size
and were used for calculation of the saltation velocity along with those from PSRI. (Zenz, 1964)
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Figure 6-59: Relationship of Drag Coefficient to Reynolds Number for Spherical and Angular Particles
ina2.5" ID Tube, From Zenz.

Additionally, biomass particles add a complexity to the system not usually addressed in the literature.
Its low particle density (compared to conventional testing materials, i.e. sand), elastic nature (ability to
absorb significant amounts of momentum at the wall), irregular shape and stickiness during
devolatilization add numerous variables that conventional CFD software packages (including Barracuda)
are not able to process. For example, a key parameter in solving the momentum balance around a
particleishowits momentum s absorbed when it contacts another solids surface. The below Figure 6-
60 representstwo different simulations in Barracuda where tangential momentum retention is varied
from 0.99 (the default) to 0.9 in a helical coil.

As one can see, there is significantly more particle crowding (as expected) in the simulation where 90%
of the tangential momentumisretained. Thisisacomplex issue in the HEHTR as this would most likely
be dependent on the biomass particle’s physical makeup (i.e. is it a piece of bark, green biomass,
bagasse, wood, etc.) as well as if it is hitting a pipe wall or another biomass particle.

The stickiness of biomass particles during devolatilization is completely lostin the Barracuda simulations
and may play an importantfactorin particle heating pathways if it enhances the contact time between
the particle and pipe wall.
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Figure 6-60: Effect of Momentum Retention Parameters in a3" NB, 7.5 ft Diameter Helix

The minimum fluidization velocity was compared in Barracuda to those calculated using the below
correlation from PSRI (Ted Knowlton, S.B. Karri, 2012).

G 0.3
U, = 11.5\/gD | — > )
y g <Uspf ¢
$(0) =1+ 0.002dy°sin6

As it is generally more desirable to operate at a low steam to wood ratio to minimize the amount of
adsorbed duty in the reformer due to the transport gas as well as maintain a higher skin metal
temperature inthe reformer. This need can clash with operational limits as one must operate in excess
of the minimum fluidization and saltation velocity to ensure dispersed flow prior to any feed splitting
(i.e., the “Y” splitterat the PDU) or entrance into the reformer. Additionally, operational observationsat
the PDU indicate that at times biomass particles were not distributed evenly between the reformer
coils, at time, this was correlated to the biomass feedrate and the amount of transport steam in the
system. Lastly, by minimizingthe amount of transport steamthe gas residence timeisincreased for the
fixed volume at the PDU and minimizes the amount of reactor volume needed for future designs.

In the PDU, the minimum transport steam was often limited by a need to operate in large excess of the
saltation velocity of the biomass particles due to operational limits. The saltation velocity as a function
of wood flow rate for a horizontal 3 inch pipe is show below.
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Figure 6-61: Saltation Velocity of Biomass Particles as a Function of Solids Flow Rate in a 3" Pipe

A simulation was performed in Barracuda varying the gas velocity in a section of feed pipe representing
the transition from horizontal to vertical flow at the PDU. The outlet solids flow rate is plotted along
with the gas velocity as a function of time in the simulationin

Figure 6-62. Ascan be seen, there isuniformsolids flow until approximately 12 seconds where the gas
velocity isroughly 40 feet persecond. Thisrepresentsthe beginning of saltation as particles beginto lay
downinthe pipe. After 17 seconds asthe gas velocity drops below 30 feet per second, another shift in
solids flow occurs as particles beginto heavily lay downin the pipe. Figure 6-63 below shows snapshots
of the particle flow at the elbow transition from horizontal to vertical flow at the PDU. Particle laydown
isobserved at the beginning of the elbow wherethe PSRI correlation would predict the saltation velocity
to be greatest.
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Figure 6-62: Outlet Solids Flow and Gas Linear Velocity
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Overall, the computational results agree well with those predicted by the PSRI correlation. It is
important to note that the PSRI correlation was developed using sandy type particles and may have
increased uncertainty when used with biomass particles. Additionally, the computational results from
Barracuda use a more idealized particle flow system and should compare with experimental results from
future cold flow or operational data.
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Figure 6-63: Solids Flow in a 3" Pipe at a 90 degree Elbow Representing Horizontal and Vertical Flow

D.2  CFD Modeling — Biomass Feed Splitting

Biomass feed splittingin the transportline fromthe steam mixing vessel to the reformerisan important
aspect to the ClearFuels technology as it can greatly impact the commercial design and capital cost of
the process. Additionally, uneven feed splitting can lead to differences in the performance of an
individual coil in the reformer which can lead to both unsatisfactory performance and operational
issues.

Typical operational observations at the ClearFuels PDU in Commerce City recorded temperature
deviations of 10-50°F between the “A” and “B” reformer coils. Itis thoughtthatunevenfeed splitting at
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the “Y” splitter could have exacerbated any downstream issues. Figure 6-64 below shows a CAD
representation of the original “Y” splitter following a 90° elbow to vertical flow.

0.0000000e+00

Figure 6-64: Pipe Orientation Entering the Original "Y" Splitter Configuration at the PDU

A Barracuda simulation was performed on the original PDU configuration of the “Y” splitter using the
following operating conditions:

Temperature_steam —750F
Temperature_biomass —80F
Pressure_inlet — 24 psia
Steam Flow — 737 Ib/hr
Biomass Flow —500 Ib/hr

Results from Barracuda simulations show a preferential amount of gas and solids flow on the “right” arm

of the “Y” splitter. Results of the simulation using the original configuration of the splitter are shown
below in Figure 6-65.
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Figure 6-65: Solids Flow Ratio and Fluid Flow Ratio of the Original PDU Y

These results suggest that inertial forces may be large enough to cause preferential flow of solids and
steam through the right arm which can lead to uneven performance between the two reformer coils.
Potential evidence of this at the PDU was evident at times by a skin metal temperature difference
between coils “A” and “B” (A = left, B=right in the simulation legend) representing different amounts of
heat flux through either coil.

A proposed modification was also simulated in Barracuda in attempts to alleviate the misdistribution
problems at the PDU. Figure 6-66 below shows the proposed configuration. Briefly, instead of the
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splitterimmediately following the 90 degree elbow, additional piping would be used to make the inletto
the splitter orthogonal instead of planar to the “Y”.

0.0000000e+00

Tracers VolFrac

—0.2

Figure 6-66: Proposed Re-Orientation of the Inlet Piping to the Original Feed Splitter at the PDU

Barracuda simulations performed on this arrangement generated more similar results to the original
simulation with preferential separation on the right arm of the splitter. As these results were similar to
those observedinthe original configuration, the above design was abandoned. The feed splitter at the
PDU was instead moved upwards to approximately two thirds of the distance up the reformer box to
allow for more than sufficient pipe length for fully developed dispersed flow to form. Due to prioritiesin
Barracuda simulations, the final orientation was never simulated with the software; however,
operational issues were minimized after the move.

Lastly, a commercial feed splitter design was proposed and simulated using an 80 DTPD basis in
Barracuda. The designisshownbelowin Figure 6-68 with solids flux exiting the splitterin Figure 6-69. It
incorporates aconcentricreducerwithin apipe to ensure equal flow between the outlet pipes. Results
were favorable with this design versus those used at the PDU; however, the simulations were done
incorporating a straight pipe priorto the beginning of the splitter and any possible deleterious inertial
forces were eliminated. Nevertheless, this design provides for a simplistic solution for feed splitting
issueswhere greaterthan 3 reformer coils are required and may be followed up with cold flow testing
to determine its utility in practice.
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This Reportalso describes an alternative 20 DTPD modular design where individual steam mixing vessels
are usedinorderto provide a more flexiblecommercial solution. This design may have more utility for
afirst of kind commercial facility in order to alleviate the operational issues experienced at the PDU.
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Figure 6-67: Flow Split Ratios from the Proposed Re-Orientation of the Feed Splitter

Figure 6-68: Proposed Commercial Design for 80 DTPD Biomass Feed Splitter
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Figure 6-69: Solids Flux Exit a Commercial Feed Splitter Design; Solids Leaving the System have a
Negative Flux Value

D.3 CFD Modeling — Biomass Steam Mixing
A proprietary design of the ClearFuels biomass gasification system is the method in which the biomass
and steam are mixed inside of a steam mixing vessel or SMV. Operational experiences at the steam
mixing vessel during operation at the PDU prompted the need to evaluate the validity of the design of

the SMV further. Deleterious observations around the steam mixing vessel included:

Steam leakage back through the rotary valve caused the biomass from the screw feederto wetresulting
in inconsistent feeding from bridging, etc.

Solids hold up inside of the steam mixing vessel as evident by chary materials, causing blockages in the
mixing vessel which would plug the feed line

Potential to exacerbate feed splitting issues for a downstream “Y” type splitter

High thermal stress regions where high temperature steam is mixed with biomass but metal
temperatures must be kept cool to prevent steam leakage backwards

Large demand for purge gas to either cool the metal surfaces and/or provide a pressure barrier to
prevent steam from leaking through the rotary valve
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Inability to operate at pressure in excess of 15 psig without steam leakage (may be more rotary valve
related)

The PDU designforthe SMV is shown below in Figure 6-70. Briefly, it consists of a vessel with a conical
bottom where steam is introduced in a near tangential manner near the top of the conical section.

Biomassisintroduced by droppinginto the vessel by means of a rotary valve immediately on top of the
vessel itself. The biomasstravels down adip tube inside of the vessel and in the annular region around

the diptube an inert purge gas (N, at the PDU) is used to maintain low metal temperatures in attempts
to condense steam and prevent any leakage backwards. As designed, the biomass and steam will mix in
the conical section and leave the vessel through a90 degree elbow attached at the bottom of the cone.
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Figure 6-70: Original Design of the PDU HEHTR Steam Mixing Vessel

Simulations were performed to determinethe utility of the SMV to produce an even flow of steam and
biomass exit the 90 degree elbow. Additionally, the holdup and flow profile of both the biomass
particles and steam were looked at to further understand the operation of the SMV. The simulation

setup and operating conditions are summarized below in Table 6-12.

Table 6-12: Simulation Setup and Operating Conditions

Biomass Steam Outlet Pressure

Nz2Boundary | g ndary | Boundary |  Boundary

Pressure, psig 35 11.1 40 10
Temperature, F 80 200 900 580
Flowrate, Ib/hr 88.6 500 750 NA
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Figure 6-71: Steam Mixing Vessel for PDU HEHTR

Results from the original PDU SMV are presented in the figures below. Figure 6-72 below shows the
fluid flow profile in the conical section and shows a significant amount of steam crosses the conical
section and is deflected upwards on the opposite wall. This is reiterated in Figure 6-73 where a fluid
temperature profile is shown depicting a “jet” of steam crossing across the conical section and hitting
the opposite wall. This should be considered for design of future vessels as local metal temperatures
opposite the steam inlet may be higher than expected.

Figure 6-74 shows a slice of the fluid flow profile along the entirety of the mixing vessel. Turbulent
regions are evident in the figure and depicted using yellow circles in the figure and would inhibit the
evendown flow of biomass particlesinthe dip tube, especially due to the lack of gas flow inthe dip tube
region. Additionally, it was found that in the annular region surrounding the biomass dip tube, there
was significantamount of fluid recirculation and swirling in this region. This flow pattern is contrary to
the design of the SMV where the purge gas introduced in the annular region should have sufficient
momentumversus the steamto be able to prevent any backflow. The swirling motion is depicted by a
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circular “X” denoting flow traveling into the picture and “+” denoting flow traveling out of the picture
frame.

Particle flow was also studied in the simulation of the SMV and is shown below in Figure 6-72, Figure 6-
73 and Figure 6-74. Visible particle channeling is marked and can be seen in Figure 6-74 below. This
phenomenon goes against the design of the mixing vessel where the biomass is expected to swirl along
withthe steaminthe conical section before leaving the vessel via the 90 degree elbow at the bottom.
The cause of the channeling may be linked to the upward momentum that a large percentage of the
steam has following the jetting effect across the conical void resulting in a large amount of turbulence
and upward forces. The particles can then be carried up into the annular space where the swirling
motion limits the mixing between the two phases and results in a large percentage of particles
channeling along the walls.

Figure 6-75 below shows the solids flux exiting the 90 degree elbow to measure the efficacy of the
mixingvessel. Ascanbe seen, thereisa large amount of flux onthe bottom portion of the pipe and the
exit of the elbow compared to the center and upper portions of the pipe. This would represent an
uneven mixing exitthe mixing vessel boundary limits and questions the efficacy of the design in itself.
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Figure 6-72: Fluid Velocity Profile in the Conical Section of the SMV
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Figure 6-73: Fluid Temperature Profile of the SMV
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Figure 6-74: A- Fluid flow profile in the entirety of the SMV, B - Particle channeling in the SMV
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Figure 6-75: Solids flux exitingthe SMV
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Results from the simulations are shown below in Figure 6-77, Figure 6-78, and Figure 6-79, using the
same operating conditions as the original simulation to keep consistency despitethe different operating
conditions at the PDU over time.

Fluid flow profiles are shown in two separate ways beginning in Figure 6-77-A. The first depicts the
temperature profile of the fluid phase after the redesign of the mixing vessel and can be compared
above. Ascan beseen, there is still a significant amount of hot zones opposite the steam inlet piping,
however, this may be slightly reduced in the redesigned vessel.

Figure 6-77-B below shows the fluid flow profile in the conical section and may be compared above.
While there is still significant amount of fluid crossing the conical zone, the close proximity of the outlet
pipinginthe direction of the fluid flow appears to offer a reduced resistance to the fluid leaving, thus
causingless holdup and “swirling” than in the original design. This would theoretically in turn cause less
biomass holdup and prevent potential problems in solids accumulation, premature devolatilization, and
condensation.

Lastly, a comprehensive slice of the fluid flow is shown in Figure 6-78-A and can be compared above.
There is a significant reduction in the amount of turbulent regionsin the biomass dip tube which results
in a more even flow distribution of particles when they contact the steam stream and minimize the
amount of particle holdup inside of the mixing vessel.

Additionally, particle flow was studied in the redesigned mixing vessel and compared with that of the
original. There isstill significant amount of particle flowinthe annularregion as evidentin Figure 6-78-B
below; however, the particle channelingthat was evidentin the original design is no longer apparentin
the simulation of the redesigned vessel. Lastly, the particle flux exit the mixing vessel is presented in
Figure 6-79 and there is an even distribution of the flux around the exit of the pipe.
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Figure 6-77: A—Fluid temperature profile; B — Fluid vector profile in the conical section
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Figure 6-78: A — Fluid vector profile in the entirety of the SMV; B — Particle location and holdup in the SMV
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Figure 6-79: Solids flux exit the SMV

D.4 CFD Modeling — Biomass Particle Flow and Heat Transfer in Helical Coils

Flow of biomass particlesin helical coils is an area of special interest within the ClearFuels technology as
the HEHTR’s helical coil design provides sufficient centrifugal forces to enhance particle contact with the
outer wall; this facilitates the rapid heat transfer via conduction to the particle which is needed to
obtain higher heating rates required for fast / flash pyrolysis, thus improving the performance of the
HEHTR. Particle flow in helical coils is different from conventional straight line conveying due to the
significant amount of centrifugal forces that are exerted upon the particles compared to strictly drag
and gravitational forces such as in straight line pipes. Shu et al explains this phenomenon well:
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“..inthe helical systemanincrease in gas velocity does not move beyond saltation velocity, regardless
of its magnitude and the lifting force is balanced by the centrifugalforce on the particles. Asaresult, for
a given gas velocity, the particlevelocity ‘self-adjusts’ to yield balancing centrifugal and lifting forces.”
(Ming-tsai Shu, 1986)

Of particularimportance isthe particle slip (i.e. particle velocity / fluid velocity) in helical coilsin orderto
estimate the particle residence time in a specific zone (i.e. reaction zone) of the HEHTR. Shu et al
conducted bench-scale testing to determine the effect operating conditions and various coil parameters
have on the particle slip for lignite and coal char. (Ming-tsai Shu, 1986) Their findings show that helix
diameter (albeit much smaller diameterthan the ClearFuels unit) has one of the strongest relationships
to the particle slip with increasing helix diameter decreasing the particle slip (i.e. higher particle velocity
/ fluid velocity) as well as the decreasing with decreasing solids flow and decreasing particle size.
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Figure 6-80: Effect of helix diameter on velocity ratio for coal char, from Shu et al

Using correlations developed from Shu et al, the particle slip can be estimated for the PDU and
Livingston coils at varying operating conditions. Forthe systems investigated here, the major factors for
the particle slip are the coil diameter and gas velocity. When solids flow is varied keeping other
variables constantinthe Livingston pilot plant, the particle slip does not change significantly; however,
for the different gas velocities exhibited from the 2“to the 3” coil at Livingston the particle slip changes
dramatically. Atthe PDU, varying the operating conditions can significantly affect the particle slip and
needsto be consideredin commercial operation and design. In general, one may estimate the particle
to gas velocity ratio to be between 0.25 and 0.50 for systems of interest in the ClearFuels technology.
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Table 6-13: Particle velocity vs gas velocity at Livingston and the PDU

Unit Gas Flow*, Ib/hr |Solids Flow*, Ib/hr| Vp/Vg
.. . 100 65 0.30
Livingston, 2in
100 110 0.30
.. . 140 110 0.53
Livingston, 3in
140 180 0.53
PDU 300 250 0.40
500 125 0.24
* Gas and solids flow are per coil for PDU

Last, several key assumptions were made inthe CFD simulations for both the Livingston and PDU HEHTR
coils.

(i) No devolatilization of biomass particles

(ii) Biomass and char particles are non-spherical with a sphericity of 0.4 used for
drag force calculations

(iii) Tangential momentum retention is 0.99 and normal momentum retention is 0.3

(iv) Particles do not squish, flex or stick at wall contact points

(v) All systems are modeled in a Cartesian coordinate system and the resolution of
the result is no finer than the coarseness of the grid.

Particle flow was investigated in the PDU HEHTR coils as well as the Livingston reformer coils with the
main goal of understanding the nature of the particle flow inside of the helix. Observations from initial
simulation results (Figure 6-81 below) of the PDU coils show char particles preferentially travel along
the outer wall indicating centrifugal forces greatly dominating the particle flow; whilst the biomass
particles are observed to “bounce” around the outer and inner walls of the coil. Thisis in agreement
with Shu’s findings about particle flow and most likely is due to the much smaller particle size the char
particles have in the simulation compared to the biomass particles allowing centrifugal forces to
dominate. (Ming-tsai Shu, 1986) Nevertheless, this provides two key observations which may play of
special importance to understanding the performance of the HEHTR.

The first is that along with the radiant heat transfer from the hot wall to the particles and convective
heattransferfromthe transport media (steam) to the particles, particle-wall direct conduction may be a
significant source of heat transfer to the particles. This direct contact and subsequent rapid heat
transfer via conduction between the hot wall and colder biomass particles would facilitate the higher
heating rate necessary to achieve the fast and/orflash pyrolysis at a high heating rate which is necessary
to achieve the desired carbon conversion and syngas composition. (Lede, 2000) Secondly, the smaller
char particles which appear to transverse along the wall (Figure 6-81-A) would provide an “activated
char layer” which when a biomass particle comesin contact with the wall where pyrolysis of a portion of
the particle occurs. The subsequent volatile gases would then pass through this char layer which is
known to have catalytic effects of secondary reforming and/or cracking reactions thus significantly
reducing the amount of heavy tars and other hydrocarbonsin the bio-derived syngas. (Duo Wang, 2011)
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Figure 6-81: A — Char particle flow tracers; B — Biomass particle flow tracers

The particle bouncing that occurs in Figure 6-81-B is of special importance in the design and
performance of the ClearFuels HEHTR as thisis believed to be where the majority of heat is transferred
to the particle (viaconduction) resultingin ahigh heating rate which is necessary to achieve the desired
performance of the HEHTR.

Figure 6-82 below shows a comparison of particle trajectories with different coil geometries, operating
conditions and particle sizes. A key observation here is that the number of bounces appears to be
independent from operating and design parameters (i.e. coil diameter, steam flow, etc.) with the only
potentially significant variable being particle size. Thisis a very important observation as this would
indicate thatthe heatingrate (whichis presumedto be dominated here by particle/wall contact, hence
bounces) is independent of operating conditions (i.e. gas / particle velocity) and may be written as a
function of the metal temperature of the first turn of the HEHTR. Subsequent analysis of the PDU and
Livingston performance data has confirmed the significance of the first coil turn metal temperature as a
predictor of HEHTR performance.
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Figure 6-82: Particle bounce trajectories in various geometries and operating conditions
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Figure 6-83 below shows a cross section of particles at a point in the second turn of the ClearFuels PDU
coil (see subset). The simulation results show a significantly higher temperature (~50 — 100°F) of
particles nearthe wall edge forfourdifferent simulations which were conducted on the ClearFuels coil.
This grouping of particles primarily consists of the smaller particle size char particles which tend to travel
along the outer edge of the helix as centrifugal forces greatly dominate its flow since the particle has
little mass and thus momentum. This could lead one to design a system with a smaller particle size in
the feedin orderto maximize the centrifugal force effects on the particle; thus keeping the particle in
close proximity to the wall for maximum heat transfer. More than likely, there will be practical
limitationsin practice to both the operability of processing very small particle size biomass particles as
well as significant economicimplications in order to reduce the particle to a size small enough where
centrifugal forces dominate. A second observation from the below figure is that this char layer is
significantly hotter than the dispersed biomass particles in the bulk gas. This could strengthen the
argumentin favor of having a catalyticchar layerin close proximity to the wall which volatile gases must
travel after pyrolysis as well as confirming the validity in using the metal wall temperature as a key
design factor for the HEHTR.
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Figure 6-83: Cross-section of PDU HEHTR coil showing greater increase in temperature of particles
located nearest the wall
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Particle flow was investigated thoroughly between the Livingston coil and the PDU coil to determine if
there are any significant differences between the flow profiles in the two coils. A summary of the
conditions are below. Itisimportantto note that at the time of the simulation design for the Livingston
coil, the exact geometry and operating conditions of the Livingston coil were unknown and taken from
verbal recollection from Stan Pearson. Upon Rentech operating the Gulf Coast Energy pilot facility, the
coil geometry was a very close match to what Stan Pearson had recalled with slight differences in the
length and pitch versus those conducted in the simulation; however, Rentech was unable to ever
operate near the conditions specified and dramatically decreased the biomass flow to 30-75b/hrin
most testing conditions.

In the proposed simulation, particle flow is qualified using an average solids volume fraction to
determine the location of the majority of particles in the simulations. Figure 6-84 below presents the
volume fraction for both simulations side by side for clarity. A key observation here is that as the gas
velocity increases along the coil in Figure 6-84-A due to the increase in wall temperature and time in the
coil, the particle velocity increases and the centrifugal forces begin to dominate some of the larger
particles. This is evident as the increasing volume fraction of particles along the outer wall as the
particles travel furtherdown the coil. Conversely, inthe Livingston coil (Figure 6-84-B), there does not
appearto be any ssignificant differences in the particle flow down the coil. One important factor here to
consider is the temperature profile along the coil wall. Forthe PDU simulation, data from operations
was used to define atemperature profile along the vertical of the coil but for the Livingston operations,
a constant wall temperature was used because of the lack of data at the time the simulation was
conducted.

7.3700733e+00 1.7466860e+01

0 ! -0

Figure 6-84: Solids volume fraction comparison inthe PDU (A) and Livingston (B) coils.
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From the particle flow profiles observed in both the Livingston and PDU coils it is expected to have
enhanced heattransferto particles versus conventional dilute phase solids transport in a straight pipe.
There isminimum literature available on the heattransfer characteristics of helical coils for a gas-solids
system:; literature is availableforsingle phasegas or liquid and two phase gas-liquid fluid systems. Fora
single phase fluid system, the advantage of a helical coil system is presented by Acharya et al where
different coil arrangements are compared to a straight pipe. (Narasimha Acharya, 1992) The relevant
results are shown at right where a constant axis (CA) helix, alternating axis (AA) and straight pipe (STR)
heat transfer abilities are compared via the Nusselt number ratio. Their findings conclude that a
constantaxis helix (such asthat in the HEHTR) has a roughly 2.5 times higher Nusselt number compared
to a straight pipe. Thiswouldresultinhigherconvective heattransfer coefficients forthe fluid phase in
the helix compared to conventional straight pipes.

Since there is negligibleliterature available inthe public domain on heat transfer to particles in a helix,
CFD experiments were conducted with the main objective of determining the benefits of the helixovera
conventional straight pipe. Operating conditions were chosen as 200 Ib/hr of biomass flow and 600
Ib/hr of steam flow for both simulations with a constant wall temperature of 2015 F for all metal
surfaces in the simulation. Barracuda software is able to calculate the total surface area available for
heat transfer and for the straight pipe is 7.39 ft* and for the single turn coil is 14.27 ft*, these numbers
are used forflux calculations. Additionally, flux planes were placed alongthe single turn coil simulation
at pointswhere aquarter and half of the available area has been passed by the particles. The simulation
setups are shown below in Figure 6-85 and Figure 6-86.

Wall Temp =2015 F

Figure 6-85: Grid setup for straight pipe calculations

0.0000000e+00

0,0000000e+00

Figure 6-86: Grid and flux plane setup for a single turn in the PDU HEHTR coil
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Particle residence time isshownin Figure 6-87to show the different amounts of time that the particles
are in the system. For the straight pipe surface the particles have an average residence time of 0.13 s
upon exitingthe system while for the singleturn of the coil the average residence time is 0.31s. This s
primarily afunction of the longerlength of pipe that was needed in order to model roughly one turn of
the PDU coil.

3" NB Pipe, 7.3 ft diameter coil

5.0401711e+00
Particles ResTime
—0.18
0.16
0.14
0.12
0.1
0.08
0.06

0.049
—0.02
0

Figure 6-87: Particle residence time inthe straight pipe and PDU coil

Wall Temp = 2015 F

Particle and fluid temperatureare presented for the straight pipe below in Figure 6-88 and Figure 6-89.
There is a distinct fluid temperature profile in the straight pipe indicating that heat transfer due to
convection from the fluid may play a small role in heating the particlesin a straight pipe, radiation from
the wall to the particles may be the dominant driver. Further analysis using Barracuda’s ability to turn
radiation off may be warranted if future studies are done. The exit particle temperature is scattered
with an average value of roughly 600°F.
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Figure 6-88: Particle temperature in the straight pipe
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Figure 6-89: Fluid temperature profile in the straight pipe

Particle and fluid temperatures are shown in Figure 6-90 for the single coil turn simulation. There are
noticeable differences in the fluid temperatures profile along the length of the coil compared to the
straight pipe; there is no noticeable radial temperature gradientin the singleturn coil as opposed to the
very large gradient thatis seeninthe straight pipe. Additionally, the particlestendtoincrease inamore
homogeneous manner than in the straight pipe. This is presumably due to both the centrifugal forces
maintaining the particlesin close proximity tothe hot wall as well as the even fluid temperature that is
steadily increasing along the length of the coil. Itis important to question the significance of the grid
resolution here impacting the solution of the problem. The coarser grid that is necessary in the coil
simulation in order to maintain a reasonable amount of simulation time could impact the solution as
Barracuda is unable to solve forthe eulerianfield (fluid) at a resolution thatis smallerthan the grid. This
large grid size may impact the heat transfer since the grid cell closest to the wall covers approximately
20% of the distance across the pipe wall where in the straight pipe solution a grid cell covers
approximately 8% of the distance. This could factor into how the heat is transferred across the radial
direction of the pipe and should be investigated further. Presumably, this would not have significant
impacton how heat is transferred to the particles as they are in very close proximity to the wall which is

3" NB Pipe, 7.3 ft diameter coil 2.0100536e+00

3" NB Pipe, 7.3 ft diameter coil 1.8000379e+00

Particles Temperat

Wall Temp =2015 F
thought to be the primary source of heat for the particles.
Figure 6-90: Particle and fluid temperature in the single turn PDU coil

Wall Temp =2015 F
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The total enthalpy which crosses a flux plane (flow or pressure boundary and manual flux planes) is
computed by Barracuda in both the solids and fluid phases. From this one can compute the heat flow
that is transferred to the solid particles by taking the difference between the two values and then
calculating the derivative to obtain a heat flow. From an energy balance around the system, one can
obtain the energy accumulationterm and by taking the derivative and dividing by the area the resulting
flux can be calculated.

Qaccum = Qour — Q_in Q =

For this system, a cross flow exchanger surface is used to calculate the heat transfer and obtain an
overall heat transfer coefficientforthe particlesinthe system. The following defines the heat transfer
and temperature differences used for the calculations.

Q=U=xA+AT AT =Tt

As Barracuda is not able to discretely export the average particle temperature that crosses a flux plane,
particles were individually counted and multiple time stamps as they cross the boundary. When a
satisfactory sample size was achieved (>250 particles) the average was computed and used for the
calculations. The heat flux and heat transfer coefficients for the boundary conditions defined in the
straight pipe and coil are presented below in Figure 6-91. The key difference betweenthe twofigures is
the basis in which the flux and heat transfer is calculated in the coil. Figure 6-91 uses a calculation
starting at the inlet of the coil and going to each flux plane alongforits basis while Figure 6-92 calculates
each section of the coil individually. Both the heat flux and the heat transfer in the straight pipe are
roughly 10 times smallerthanin the coil using either basis, suggesting significant enhancements in heat
transfer to particles in the helix. Unfortunately, this method of calculation does not deconvolute
whether the majority of the heat is transferred via conduction, convection or radiation but it is
presumable that conduction and enhanced convection and radiation near the particle wall would
obviously play a significant factor.
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Figure 6-91: Heat flux and overall heat transfer coefficient in the two systems, calculations are from
the inlet to the flux planes
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Figure 6-92: Heat flux and overall heat transfer coefficient in the two systems, calculations are for
each section of pipe

6.E  Primary Syngas Cleanup

E.1 Syngas Cleanup Operating Conditions

Syngas fromthe HEHTR is quenched, particulates are removedintwo cyclones in series, and the syngas
is scrubbed in a Solvent Scrubber followed by a water wash system, before it is compressed in the
Booster Compressor for delivery to the main Syngas Compressor. The primary operating variables
monitored in the Rentech-ClearFuels syngas cleanup system, during the DOE Run were the Solvent
Scrubberoverhead temperature, the Quench Chamber recirculating watertemperature and the Booster
Compressor suction and discharge pressures. These parameters are trended in the following chart.

During the DOE IE Run (PERIOD 4), the solvent addition to the solvent scrubber was approximately 8
gallons per hour. The solvent used was Raffene 1200L which is the trade name for a refined heavy
naphthenicdistillate. As mentioned belowinthe Lessons Learned section, tarreformingusing Rentech’s
NiDFB technology would probably be preferred to the use of a solvent system.
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Figure 6-93: Syngas Cleanup Operating Condition Trends During DOE IE Run

E.2 Particulate Removal

Both the Livingston and Commerce City plantsemployed cyclones for particulate recovery afterthe syngas
cooler. The PDUhad two cyclonesinstalled in series (primary and secondary cyclones), which recovered
90%+ of the particulates exitingthe Reformer, once the inlets were modified to provide sufficient inlet
velocity at the low operating rates the unit was normally run at.

If char recycle is employed in a future design, the char from the primary cyclone could be routed to a
separate steam/solids feedmixer orsolids eductor, and fedback to eithera separate coil in the HEHTR, or
combined with the biomass/steam feed to a coil.

An adequate lock-hopper system, with sufficient solids hold-up would need to be provided to allow for
steady feedback to the HEHTR. In this case, the char/ashfrom the secondary cyclone, plus some portion of
the primary cyclone char, would be recovered as a separate byproduct stream.

The Livingston plant employed a particulate filter (cartridge) upstream of the wash tower. For a
commercial unit design, either a hot gas filter (pulse jet type) should be included upstream of the
venturi/water wash column, to remove the bulkof the <5 micron particulate material before it gets into
the waterwash system, or continuous filtration equipment will be required on the venturi/wash column
pumped circulation, to remove solids that build up in that water over time.

Sock filters were employed at the PDU, but frequent sock filter change-outs (particularly at higher
feedrates) is not considered acceptable for a commercial unit design. As a result, an automated (self-
cleaning) hot gas filter system, upstream of the water wash system, is highly recommended.
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After the water wash system, it may be necessary to provide fine duplex sock/cartridge filters or
alternatelya WESP to remove very fine particulates (< 1 micron) and condensed tar fumes. These were
foundto be necessary at the PDU. Prior to the sock filter installation, the compressor suction strainers
plugged prematurely and naphthalene carryover wouldcrystalize in the compressor discharge air cooler,
requiring cleaning.

E.3 Gas Cleanup

The Livingston plant operated acceptably during the test campaign, without a heavy oil scrubber upstream
of the venturi/water wash column, apart from some accumulation of naphthalene in the column packing,
probably as aresult of significant on-purpose operating hours at low initial skin temperatures, as part of
the test matrix conditions (plugging primarily observed during these low firing runs, and was typically
rectified by steam out of the packing). Apart from these occurrences, the low heavy tar content of the
syngas is believed to be the primary reason for the water wash column operating without apparent
problems.

The experience at the Commerce City PDU was very different, however, as the much higher heavy tar
content of the syngas caused the water wash piping, heat exchangers, packinginthe scrubber, etc. to plug
severely with tars that were not able to be steamed out, requiring intermittent shut-downs and very
messy cleanout operations. The solution implemented at the PDU was to install a heavy oil scrubber
upstream of the Water Wash system to remove these heavy tars. The oil scrubber initially used a soy oil
scrubbing solution, which appeared to work best, but this soy oil was later replaced with highly aromatic
base oil, due to soy oil availability problems. The oil scrubber had operational challenges including
temperature control, oil/water emulsion formations, carry-over of entrained solvent, spent solvent
disposal issues, and filtration of the hot solvent.

The key is to make very little or no heavy tars (MW>202) in the HEHTR and this is the reason for targeting
the high initial skin temperaturein the commercial unitdesign. If thisisdone, it is anticipated that heavy
tar production will be minimal, and the syngas from the cyclones/hot gas filter should be able to be routed
directly to the Venturi/water wash system, asis practicedat Livingston. The syngas after the hot gas filter
should be ableto be flared to allowit to be diverted away from the water wash column, during periods of
abnormal operation, when the syngas composition may not be optimal.

Asthere may stillbe some light and heavytars collected in the water wash system, itis recommended that
carefully designed light tar (less dense than water)/solids skimming and heavy tar (more dense than
water)/solids bottom draw-offsbe provided. Particulate filters will still be required on the Wash system
circulating water, but the upstream Hot Gas Filter (operating above the tar dew point) should minimize the
filter element replacement frequency.

A plate and frame heat exchanger specifically designed for fouling/plugging service (e.g. larger plate
spacing, highervelocities, etc.) was installed on the PDU Wash system circulating fluid (after the original
generic plate and frame heat exchanger had a poor operating history), and this operated well. Make
provisions to gas purge the heat exchanger(e.g.using nitrogen or pressurized fluegas) while itis online.

Both the PDU and the Livingston pilot plant employed a light oil scrubber downstream of the water
scrubber (either directly downstream or after the gas compression) to remove residual light tars, including
benzene (both units had downstream catalytic reaction units prone to deactivation). Both units worked

satistactory [
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- the PDU utilized a TEG solvent, with a regenerator. Be very careful about potential personnel
exposure to benzene accumulation in these systems. This gas cleanup step may need to be employed
depending on the specific gas compositional requirements.

E4 Gas Compression

Anoil flooded screw Booster Compressor was employed at the PDU to compress the ClearFuels syngas
from ™5 —10 psigup to 100 psig (approx.), prior to the main Syngas compressor. With over 1000 hours of
operatingtime on the compressor, the compressor oil did not show excessive degradation. The major
operating problemswereinitially plugging of the suctionstrainers, which was largely solved by installing
upstream duplex sock filters and accumulation of naphthalene in the compressor discharge cooler.
Operation at higher HEHTR initial skin temperatures should significantly reduce the downstream cooler
fouling problems.

6.F Secondary Syngas Cleanup
F.1 Syngas Compressor

Raw syngas fromthe booster compressor enters the first stage knockout of the Syngas Compressor after
whichitis compressedfrom ~110 psig and 88°F to 260 psigand 218°F. Once compressed the gas is sent
to the COS Hydrolysis (referto COS Hydrolysis Process Description) where the sulfur is converted from
COS to H,S. The gas isthen cooled to 120°F before entering the second stage scrubber and then being
compressed in the second stage to 510 psig and 257°F. The gas is then cooled one last time and sent
through the last knockout before entering the TEG Wash.

The liquids from the scrubbers and the pulsation bottles are sent to the onsite wastewater treatment
plant.
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Figure 6-94: Syngas Compressor Performance during DOE Run
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Overthe period of IBR performance run, the Syngas Compressor ran stably with exit pressure ~ 450 and
490 psig.

F.2 COS Hydrolysis Unit

Syngas entersintothe dual bed hydrolysis vessels that contain a high-purity activated alumina catalyst
which reacts as follows:

COS +xH,0 - H,S +CO, +(x-1)H,0

The hydrolysis products H,S and CO, pass through the dual hydrolysis beds to be removed downstream.
The hydrolysis unitis most effective at COS concentrations up to approximately 100 ppmv. Most of the
sulfurinthe syngas produced by the gasifierwas H,Sand < 100 ppmv (~ 100 ppm with bagasse feed and
average ~ 50 ppmv with other feeds). This level is dependent on the sulfur content of the feed and
reformer conditions, such as feedrates, steam to feed ratio, temperature and pressure. The
concentration of COS produced in the gasifier was only ~ 5-10 ppmv when measured but more study is
desired. A speciated sulfur analysis is given below in

Table 6-15. It is not certain whether operating conditions could be adjusted to lower the COS
concentration from the reformer, thus eliminating the need for COS hydrolysis; however, other than
H,S, the concentration of other sulfur species were insignificant.

Table 6-15: Trace Sulfur Speciation of Biomass Derived Syngas @ AE-3076

Sulfur Species in Syngas @ Booster Compressor AE-3076 (ppmv) AM 2/26/2013
Hydrogen sulfide 35
Carbonyl sulfide 6
Carbon disulfide 0.04
Thiophene 0.08

F.3 TEG (Tri-Ethylene Glycol) Unit

The inlet gas is contacted with 12 gpm of 90 wt% TEG. The treated gas exits the top of the tower
containing < 10 ppmv of benzene. TEG Contactor V-3026 has 4 theoretical trays of structured packing.
Theinletgas enters below the packing, traveling up contactor contacting with the TEG travelling down
through the packing. The treated gas exits the top of the tower and the TEG containing the Benzene
exits the bottom of the contactor on level control.

The rich TEG is routed to the TEG flash tank. Liquid hydrocarbons flow into a bucket and are removed
manually. The TEG flows underthe bucketand overa weirand exits the flash tank on level control. Any
flashed gases exit the flash tank through a back pressure regulatorand are sentto the flare. The rich TEG
is then filtered first in the TEG sock filter to remove solids and then in the TEG carbon filter to remove
trace amounts of hydrocarbons. The rich TEG is then heated to ~ 300 F in the Lean/Rich Exchanger. The
flashtank level valve islocated downstream of the lean/rich exchangerto prevent any vaporbreakoutin
the filters and the exchanger. The hot, rich TEG is then routed to the TEG Still Column, which is a packed
towerusing random packing. The rich TEG travels down through the packingandis stripped using steam
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generated in the TEG Reboiler, which heats the TEG solution to approximately 397 F. The Reboiler s
directfired using natural gas as fuel. The benzene and watervapor exits the top andis routed to the TEG
Still Condenser. Most of the water vapor and some of the benzene is condensed and the mixture is
routed to the benzene/water separator V-3055 which is a three-phase separator.

The water is removed from a boot on the separator by level control. Benzene and other hydrocarbons
flow overa weirandare removed onlevel control also. Any vapors are removed and flow out the top of
the vessel on back pressure control. The operating pressure of the three phase separatoris 3 psig. The
water is pumped back to the top with the still Reflux pumps as reflux. The TEG and water fall into the
TEG Reboilerwheresteamis generated and sent up the TEG still. The regenerated TEGflows over a weir
in the Reboiler into an integral surge tank. The TEG flows out of the surge tank to the lean/Rich
exchanger where the lean TEG solution to cooler to 202 F. The lean TEG is pumped up to contactor
pressure inthe lean TEG pumps and isrouted to the lean TEG cooler. The lean TEG is cooled with cooling
water to approximately 88 F. The lean TEG is then routed back to the contactor. The treated syngas is
then routed to the TEG Guard Bed to clean any residual TEG from the Syngas stream.

In order to measure benzene removal efficiency, its concentration was determined by GC with FID
(Flame lonization Detection). Results are given in Table 6-16. The TEG unit was found to reduce the
benzene concentration of the syngas by ~98% as shown below. In the syngas to FT at AE-3420, with
recycle, benzenewasfoundtobe presentat less than 50 ppm. This low level should have no impact on
FT operation.

Table 6-16: Concentration of Benzene Before and After TEG Unit

AE-3076 Syngas at Booster Compressor A0O-3400 TEG Outlet
Benzene Conc. (ppmv) 5400 105

F.4 Amine Unit

The sour syngas enters the absorber at the bottom and rises through the column, interacting with the
amine solution onthe trays. The H,S and CO, and small amounts of hydrocarbon are absorbed into the
amine. The solutionisthen flashed to a lower pressure to evolve the absorbed hydrocarbon. The rich
amine solutionis heated andfiltered beforebeing fed to the stripping column. Athigher temperatures,
the reactions holdingthe acid gasesin solution are shifted to release the gases which exit the top of the
stripperto the atmosphere oran additional treatment plant. The hot amine solution is collected in the
surge drum. The amine solution is then pumped up to the absorber pressure and cooled before
returning to the absorber.

Overthe period of DOE performance run operation, Amineunitran stably. Product gas flow from Amine
unit was stable ~ 250 |bs/hr average.

As shownin Figure 6-95, there was no CO, slip detected for product gas after Amine unit. This indicates
that CO, recoveryisalmost 100%. During the operation period, DGA content was closely monitored by
the operationsteam. Amine samples at various locations weretaken and analyzed by Analytical Service
team for color, foaming tendency, DGA wt% and iron content etc. For the duration of the run, amine
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concentration was the most critical parameter to monitor for operational control and was targeted at

about 40-50%.
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Figure 6-95: CO, Content & product gas flow from Amine unit

Color, foaming tendency, and iron content are analyzed during shut-downs or operational upsets and
were not needed during thisrun. Relevant measurement of amine concentration, acid gas loading and
heat stable salts for the rich and lean amine streams are given in Table 6-17

Table 6-17: Rich and Lean Amine Analysis during DOE IE Run

Date Rich Amine concentration (mass %)

Acid Gas Loading (%)

Heat Stable Salts (%)

2/12/2013 | 42.45

0.09

0.05

2/19/2013 | 42.5 0.14 0.05
2/22/2013 | 41.72 0.12 0.05
2/26/2013 | 42.6 0.11 0.05
2/26/2013 | 42.6 0.11 0.05

Date Lean Amine Concentration (mass %) Acid Gas Loading (%) | Heat Stable Salts (%)
16-Jan 45.35 0.05 0.05
19-Feb 41.87 0.04 0.05
22-Feb 42.22 0.12 0.05
26-Feb 42.41 0.07 0.05
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F.5 Carbon Guard Beds

Syngas leaving the Amine knockout enters the top of carbon guard bed and exits the bottom; the beds
are set up in a lead lag configuration. There is an analyzer on the outflow of each vessel. Once
breakthroughis detected onthe first vessel, the second is placed in the primary service. The carbon is
replaced on the depleted vessel and it is put back in service in the number two position. The skid is
valved so either vessel can operate in the lead position.

In the carbon guard beds, SULFUSORB is used. SULFUSORB® 12 is a copper oxide (CuO) impregnated
product specifically designed to remove hydrogen sulfide and low molecular weight organic sulfur
compounds from gas streams. Hydrogen sulfide is physically adsorbed into the pores of the activated
carbon. It then comes in contact with the CuO, resulting in a chemical reaction which increases the
adsorption capacity over non-impregnated activated carbons.

The current design objective of Carbon bed system (two towersin series) is to remove trace DGA in the
vapor phase from Amine unitand function as a guard bed during the event of Amine system upset (i.e.
liquid carryover) for downstream membrane unit protection.

As shown in Table 6-18, the carbon beds were very effective in removing trace DGA in the vapor gas
stream. Lessthan 1 PPM level DGA content was within equipment tolerance of downstream membrane

unit.

Table 6-18: DGA and Water Content

Inter-bed Concentration After C Bed
DGA Content using Gastec stain tubes 0.3 ppmv 2/12/2013 ND. <0.1 PPM 2/12/13; ND.
<0.1 PPM 2/26/2013
Water mol% Saturated at 130 F 0.13%

F.6 Membrane Performance

The H, Membrane System has been designed to adjust the H,/CO ratio of a syngas feed to a range of
0.77 to 3H,/CO, and produces H, as a permeate at high purity levels. The Membrane System consists
of two different membrane vessels (large and small) that operate in parallel with one another.

The syngas feed tothe H, Membrane Systeminitially passes through a gas/liquid separator and is then
heated to approximately 120°Fin an electricheater. Afterbeingheated the syngas feed passes through
a particulate filter, at which pointitis ready to enter the membrane vessels at inlet conditions of 474
psig and 120°F.

The larger membrane vessel is responsiblefor producing the adjusted H,/CO ratio that feeds a series of
heaters and is then used in conjunction with a catalyst inside the FT reactor in order to produce long
chain hydrocarbons. The larger membrane vessel also produces a waste H, stream at a purity level
greater than 90% by volume. The waste H, stream is used as a fuel feed to the SMR burner unit.
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The smallermembrane vessel is responsible for producingaH, stream at a purity level of approximately
80% by volume. The H, from the membrane feedsaH, PSA systemin orderto furtherpurifythe H, and
is then used as a feed to various vessels on the upgrade system. The smaller membrane vessel also
produces a waste syngas stream that relieves to the TOU system.

Duringthe DOE performance run, since there was sufficient syngas permeated from larger membrane
vessel, which metthe downstream PSA feed requirement, the smaller membrane vessel was effectively
bypassed. Figure 6-96 below shows the general trends of feedrate, feed temperature and H,/CO ratio
from residue side of the membrane unit.
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@ PIPC : H2:CO rafio from Membrane Bed

Figure 6-96: H,/CO ratio during DOE IE Run operation.

F.7 H, PSA Performance

The PSA gas separation system is designed to separate gas mixtures by means of the Pressure Swing
Adsorption (PSA) process. This process takes advantage of the selective adsorption characteristics of
different gases by zeolite adsorbents when subjected to varying pressures. The gas mixture (Feed Gas) is
made to flow vertically upwards through atall column of adsorbent material at high pressure. The easily
adsorbed components of the mixture (‘heavy components)are retained by the adsorbent while the less
easilyadsorbed gases (‘light’ components) are released from the top of the column as purified (product)
gas. Before the adsorbent material becomes saturatedinthe ‘heavy’ gas components, product delivery
is halted and the pressure is released from the bottom of the adsorbent column (‘bed’). The lower
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pressure releases the heavy gases from the zeolite and they are made to flow out from the system as
waste (exhaust) gases. The adsorbent bed is then re-pressurized and is ready to repeat the cycle.

The product, feed, and exhaust lines transport gas through the required valves and control equipment
to the rotary valves. The PSA equipment comes with instrumentation for process management as well as
for shut-down and start-up duties. These devices are easily connected to a supervisory and control PLC.
A product receiver tank is used to aid separation performance and to minimize flow and pressure
surges.

Due to the lack of reliable flow meter upstream and downstream of H, PSA system, we were unable to
predict the H, recovery percentage of PSA. However, the product purity (99+% H,, <100 PPM CO) and
flowrate (~8 Ibs/hrpure H,) metthe requirement of product upgrading unit. The feed pressure to PSA
was ~ 140 psig. Figure 6-97 shows the general trend of H, purity on spec over DOE IBR performance
period.
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Figure 6-97: H, Purity out of PSA

F.8 ZnO Bed

The preheat and Sulfur guard systems (ZnO Bed) receive syngas from the hydrogen membranes. The
syngas flows through a 5 stage electricsyngas heater and then through the sulfur guard bed. The sulfur
guard bed removes the remaining trace amounts of sulfur.

According to the analytical report, sulfur in the syngas was not a problem during the DOE Run. The
operating temperature of ZnO bed was ~ 400°F with pressure ~ 450 psig. As shown in Figure 6-98, S
content is less than 50 ppb.
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Sulfurcompoundsin general and carbonyl sulfide in particularare representative surrogates for removal
of othertrace contaminants of concern. Some sulfuris present in biomass feeds and at least a portion
will be converted to gas phase species. Removal of these species is based on volatility, reactivity,
polarity or solubility, etc. Carbonyl sulfide is a good surrogate to monitor because it is difficult to
remove, owing to its high volatility, low reactivity and polarity.

Althoughits boiling pointis only slightly higherthan that of hydrogen sulfide (-50°C for COS vs -60°C for
H,S), itis muchlessreactive than hydrogen sulfide. That is why a COS hydrolysis unit is used to convert
carbonyl sulfide to hydrogen sulfide to aid its downstream removal, e.g., in an amine scrubber (and
carbon beds and ZnO bed for any amount that breaks through).

Total sulfur was monitored by an online Thermo Solar analyzer that is based on combustion of sulfur
compounds to sulfurdioxide, SO,, followed by pulsed UV fluorescence. This method is cable of detecting
total sulfurat lowlevels with a detection limit of approximately 25 ppbv (parts per billion by volume).
However, unfortunately at this low level of analysis, normal process instabilities will be observed as
noise and driftin the baseline of the analyzer output. For instance, ambient plant temperature swings
will resultin some condensation of waterand sulfur species, and nitrogenis aknown interferencein the
analyzer. During the normal operation of the gasifier and addition of nitrogen to maintain fluid
velocities, some variability is expected and is normal. The output of the analyzer as shown in Figure 6-
98, obtained overthe course of the run, shows that for practical purposes that sulfur content was very
low, less than 25-50 ppb for the great majority of time.
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Figure 6-98: S from ZnO Bed during DOE Run by Combustion UV Fluorescence

In order to more accurately monitor sulfur at sample point AE-3420, which is point of most critical
importance, gas chromatography (GC) with Sulfur Chemiluminescence Detection (SCD) was used for the
analysis per ASTM D-5504 (Annual Book of Standards, Volume 05.06, ASTM International, West
Conshocken, PA, USA.) This method is capable of detecting individual volatile sulfur compounds, such as
COS, down to single digit ppbv levels. A relatively large volume injection, 2 CC and low split ratio are
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used for the analysis, and the Agilent FID adapter was used for allowing simultaneous FID detection.
Figure 6-99 illustrates overlaid representative chromatograms for a calibration mixture of 455 ppbv COS
in nitrogen (Matheson) and asample taken from AE-3420. A pressure pulse is observed atthe beginning
of the run and baseline returns to normal priorto elution of the earliest sulfurcomponents, H,S, COS. It
is not possible to baseline resolve H,S and COS without the use of cryogenics. For the purpose of
monitoring COS, it was not necessary to do this. The carbon disulfide present occurred as a contaminant
in the standard at ~ 9 ppbv.

A refinery gas analyzer (RGA) based on an Agilent 7890 GC and configured by ECE Wasson was used to
measure bulk syngas concentrations automatically and semi-continuously, roughly every 20-25 minutes
depending on which other streams were being analyzed. The analyzer uses multiple columns and for
determination of fixed gases with Thermo Conductivity Detection (TCD) and FID detection for
hydrocarbons. Nitrogen and hydrogen are used for carrier gases (nitrogen for the hydrogen
determination). This analyzer outputted results to our Pl data historian via our DCS. For illustrative
analysis an example analysis is shown in Table 6-20.

AIBZ B, Back Signal (IR 1Y EEZ5_2013_CHKSTD.0)
AIBZ B, Back Signal (IBR1FEB26_2013_AE2420.0)
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Figure 6-99: Representative Chromatogram of COS Standard and FT Syngas Feed by ASTM FB—5504.

Table 6-19: COS Content @ AE-3420 — Syngas to FT During Run

Date 10-Feb-13 |11-Feb-13 |12-Feb-13 |17-Feb-13 |23-Feb-13 |24-Feb-13 |25-Feb-13 |26-Feb-13

COS @ AE-3420 (ppbv) <10 <10 <10 <10 <10 <10 <10 <10

Table 6-20: lllustrative Analysis of Bulk Syngas Composition @ AE-3076 Booster Compressor

Component Retention Time (min) Concentration (mol %)

Hydrogen 1.59 52.07

CONFIDENTIAL — Red italicsrepresents proprietary information Page 169



Carbon dioxide 3.46 22.46
Argon/Oxygen 4.89 0.08
Nitrogen 5.58 6.31
Methane 7.10 4.25
Carbon monoxide 8.19 14.44
Ethane 2.64 0.001
Ethylene 2.84 0.016

6.G  Fischer-Tropsch/Syngas Conversion

G.1  Catalyst Preparation

G.2  Catalyst Physical and Chemical Properties
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G.3 Fischer-Tropsch (FT)

The FT reactor was transitioned to biomass syngas on February 10”. The initial intent of the run was to
feed 100% biomass-derived syngas to the FT reactor, but a small amount of SMR syngas was left in the
FT feed because of insufficient suction pressure on the syngas compressor. The ClearFuels/SMR blended
syngas feed had a high H,/CO ratio and a compromise between fresh feed flowrate, recycle rate, and
H,/CO ratio had to be made. Because of the high H,/CO ratio of the fresh feed and the need to
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maintain high recycle ratios in orderto maintain sufficient gas flow to the FT reactor, the H,/CO ratio of
the combined FT feed was higher than desired (2.5 - 4 instead of 1.5-2).

Around 200 hours of integrated ClearFuels/FT run time were achieved from February 12" to 26" with
only a small amount of SMR syngas being added. Several gasifier-related upsets occurred during the
course of the DOE Run, plugging in the feed system and gasifier entry piping, but all of the disruptions
were overcome in a timely manner. The FT section was able to handle the upsets and maintain
operation for the entire period. The tailgas recycle compressor operated smoothly for the entire
duration of the test and also made feed gas disruptions easier to handle.

G.4  Tailgas Recycle

A process flow diagram forthe syngasin the FT section including the tailgas recycle loop is shown in the
followingfigure. The recycle loop used duringthe DOE Runinvolved taking syngas from upstream of the
FT reactor pressure control valve (PIC-4405) through the recycle suction compressor control valve (PIC-
4450). Pressureinthe loop was controlled with a pressure control valve (PIC-4453) on the spillback and
the vent (PIC-4455). A valve on the discharge flow to the FT feed (FIC-4454) was used to control the
recycle flow rate. The recycled tailgas mixed with the FT feed at a point between the first two syngas
heaters. With this configuration, CO, was not removed from the recycled gas.
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Figure 6-103: Process Flow Diagram of FT Syngas Including Tailgas Recycle Loop
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The pressure in the tailgas recycle loop was operated 25 to 50 psi above the pressure at which it mixed
with the freshfeed. The recycle flow was controlled by manually setting the valve opening of FIC-4454.
The fresh feed flow rate was controlled by adjusting pressures downstream of a hydrogen separation
membrane between the amine system and syngas heaters. For the DOE Run, efforts were made to try
and maximize the fresh syngas flow and avoid venting syngas from the FT feed. The recycle ratio was
alsoreduced whensufficient fresh feed flow was available. The following figure shows the fresh feed
and recycle flow rate as well as the recycle ratio during the DOE Run. The fresh syngas feed to the FT
reactor was between 50 and 100 scfm for the majority of the run. Recycle ratios between 1 and 2.5
were used during the run.
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Figure 6-104: Fresh Syngas Feed, Recycle Flow Rate, and Recycle Ratio during the DOE IBR Run

The following figure shows the fresh feed to FTand the blended feed (recycleand fresh feed) to FT over
the course of the DOE IBR Run. The H,/CO ratio of syngas utilized in the synthesis was consistently
lowerthanthe H,/COratio of the freshfeed sorecyclingthe tailgas led to an increase of the H,/CO ratio
of the FT feed during the run. The H,/CO ratio of the fresh syngas was between 1.5 and 2.5 for the
majority of the run while the blended syngas ranged from 2 to 3.5. There were two short periods
around 140 h and 320 h where pure SMR syngas was fed without membrane adjustment and the H,/CO
ratio of the fresh feed was as high as 5 leading to a blended H,/CO ratio as high as 7.5.
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Figure 6-105: H,/CO Ratio in Fresh and Blended FT Feed

G.5  General Performance Highlights

There were several variations in the process that were present during the DOE Run that made the
system more dynamic and made it more difficult to collect representative performance data in short
time periods. One of the variations was the fresh feed composition. The fresh feed composition was
dependent on the composition of the syngas from the gasifier, the membrane pressures, and the
amount of SMR gas being blended into the feed. Another source of variation was the recycle. Any
change to the recycle flow caused compositional changesinthe blended FT feed that took several hours
to stabilize. A third source of variationin the FT reactor was the temperature control. It proved difficult
at times to maintain temperatures in the reactor. The most likely reason for the problem was the
relatively low syngas feedrates and low CO content in the feed to the reactor. This combination
producedinsufficient reaction heatto maintainthe desired temperature of 460°F. The following figure
shows the FT performance during a relatively stable period during the DOE Run including the reactor
temperature, single pass CO conversion, and single pass CO, and hydrocarbon selectivity. The
temperature variation during this period was as much as 10°F. The single pass CO conversion ranged
from 45 to 55 mol%, the CO, selectivity was 20 to 30 mol%, and the Cs, selectivity based on online gas
analysis and flow meters was 50 to 70 mol% of the converted carbon.
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Figure 6-106:

FT Performance during DOE Run Including Reactor Temperature, Single Pass CO
Conversion, and Selectivities (RGA and Flow meters)

The following figure shows the reactortemperature, overall CO conversion, and overall CO, selectivity
for the entire DOERun period. Considerablevariations can be noted in all three values. The overall CO
conversion ranged from 60 to 85 mol% over the run. The overall CO, selectivity varied from 40 to 20

mol%.
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Figure 6-107: Average FT Reactor Temperature and Overall CO Conversion and CO, Selectivity during
DOE IBR Run

G.6 Performance and Product Distribution

The followingtable gives a summary of the stable periods during the DOE IBR Run. Given the dynamic
nature of the process as described in the previous section, the upsets experienced on the gasifier, and
the relatively low production rates, it was a challenge to obtain representative datain the given time
periods. The wax production rates shown in the table are an average of the entire run period. An
average value was used because the combination of low wax production and a large reactor volume
made accurate determination of wax production challenging forshort time intervals. The single pass CO
conversion of the stable conditions ranged from 38 to 59 mol% while the overall CO conversions were
52 to 85 mol%. In comparingthe single passand overall CO conversions of the stable conditions during
the DOE IBR Run, itcan be seenthatthe relative increase in CO conversion from recycle was 31 to 52%.
One thing to note in the table is the high content of inert, 30 to 56 mol%, presentin the blended FT
feed. Inertcontents this high reduce the syngas partial pressure substantially negatively affectingthe FT
performance. Much of the inert during the DOE Run was nitrogen which was added for fluidization
stabilityand reduced over the course of the run as the dynamic operation of the system became more
clearlyunderstood. The CO yield (gallons of liquid products per pound mole of CO) ranged from 0.6 to
1.09 during the run. The catalyst productivities shown in the table are low ranging from 0.06 to 0.09
pounds of wax and FT liquids per pound of catalyst per hour. This is not unexpected considering the
relatively low feedrates (200 to 245 scfm) and low CO concentration (10 to 21 mol%) fed to the reactor.
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Table 6-24: Performance Summary for Stable Biomass Derived Syngas Periods during DOE IBR Run

TOS h . 20 . 15 73 . 194 26 9 T 152
T °F 459 455 457 458 457 452 460 455
P psig | 303 304 04 309 311 ‘ 32 299 310
Fresh Feed scfm | 72 | 39 70 [ 77 90 81 [ 80 89
H, in Fresh Feed mol % 56 57 64 63 66 64 63 59
COin Fresh Feed mol % | 35 | 32 29 [ 28 26 ‘ 28 [ 28 31
Total Feed Ib/h | 760 | 615 614 598 se8  ess 539 538
scim 245 197 240 237 245 242 231 226
MW Feed | 19 | 197 162 | 160 147 172 148 15.0
H, in Feed mol % 31 30 45 44 49 39 49 46
COin Feed mel % | 16 | 10 13 | 14 14 ‘ 14 | 16 21
Feed H,/CO 1.95 3.08 3.43 3.06 3.42 2.73 3.13 2.20
N2,CHA,C02 in Feed mal % 50 56 39 19 34 | a4 33 30
Catalyst Concentration wi % 8.5 8.5 8.5 8.5 8.5 B.S 8.5 8.5
sV nlph/g-cat | 36 | 29 35 | 35 36 ‘ 16 | 34 33
Single Pass CO Conv % | 41 | 59 58 | 49 52 41 | 55 38
Single Pass CO, Sel % a 34 26 6 23 25 26 28
Recycle Ratio | 18 3.9 22 [ 1.9 1.4 ‘ 15 [ 18 15
Overall CO Canv % | 61 | 85 77 | 74 74 ‘ 59 | 73 52
Overall CO2 Sel % a4 34 29 26 23 28 28 28
C,. Sel (Tail C, and €CO2) % . 45 . 51 59 . 60 62 59 60 61
Overall C., Sel (Tail C, and CO2) % . 45 . 52 53 . 59 61 | 60 59 61
Wax (4601 Level) Ib/h 6 6 6 6 6 3 6 6
Mid Distillate Ib/h | 5 | 5 6 | 6 6 5 3 7
Maphtha Ib/h 5 3 6 5] 7 | 4 | 7 3]
Liquid Production Volume gal/h 2 2 3 3 3 2 3 3
Water Ib/h | 21 | 15 28 | 27 29 ‘ 21 | 30 29
Wax % wt% 36 42 42 31 30 38 30 31
Mid Distillate % wt % 35 35 29 35 34 a7 34 36
Naphtha % wt % 29 23 29 33 36 25 36 33
Relative CO Conv Increase from Recycle % 51 45 34 50 43 43 32 37
CO Conv*Cs, Sel 0.18 0.30 0.34 0.29 0.32 0.24 032 0.31
Syngas Yield 2 C../m’ H2+CO fed 66.4 99.8 80.5 83.0 80.2 66.4 818 673
€O Yield £ Wax+LFTL/g CO 0.137 0.254 0.211 0.181 0.213 0.155 0.199 0.150
galflbmolcO | 061 1.09 087 080 081 065 085 0.66
Cat Productivity b Wax+LFTL/lbcat/h | 0.066 | 0,058 0.089 0.073 0.079 0.062 0.079 0.076
start 2/12/138:00 | 2/12/1320:50 2/13/13 19:00 | 2/14/13 12:15 | 2/18/13 19:00 | 2/20/13 17:00 2/23/13 17:45  2/24/13 22:50 | 2/26/13 10:05
End 2/13/134:10 | 2/14/135:00 | 2/15/139:00  2/20/1310:00| 2/21/138:00 2/24/13 10:40  2/25/13 12:42 | 2/26/13 23:40

The following table shows a breakdown of the hydrocarbon product selectivities forthe stable operating
period starting on February 18" and ending on the 20™. The light hydrocarbon selectivity (C,.) is 21%
meaning that 21% of the converted carbon went to products containing four or fewer carbon atoms.
This value is relatively high but understandable given the high H,/CO ratio of the FT feed. The C,.
selectivity at similar conditions during IBR Run 1, other than H,/CO ratio, was 14 to 17%.

The Cs. selectivity obtained by adding up the product groupings from the table is 49%. The Cs,
selectivity from forthistime periodis 59%. The value inthe table was obtained by subtracting the CO,
selectivity and C,. selectivity as determined using GC tailgas analysis from 100%. If the C,. in the
naphtha, water, and GC-MS analysisistaken into account, the Cs, by difference becomes 55%. It should
also be noted that the high temp GC method used for wax analysis does not detect hydrocarbons
heavier than about Cgs. This may explain the remaining 6% gap in Cs, selectivity as determined by
difference and by summing the products.
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Table 6-25: Hydrocarbon Product Selectivities from Feb. 18" — 20" (DOE IBR Run)

Selectivity C mol%
Ca. 21
Cs11 18
Ciz2128 10
Cigaz 3
Caz+ 16

An Anderson-Schulz-Flory (ASF) polymerization model is often used to describe the product distribution
from Fischer-Tropsch synthesis. The ASF product distribution is described by

m, = (1- a)a™?

where a is the chain growth probability factor and m,, is the mole fraction of hydrocarbon with chain
lengthn. The model is not representative of the entire FT product slate as deviations from the model
are known to occur in the lighter hydrocarbons. The ASF equation can be rearranged to linear form

giving

l1-«a
log(my,) = nloga + log( a )

A plot of the log of the mole fraction of each carbon number versus carbon number should produce a
straight line whose slope is log a. The following figure shows a plot of mole fraction versus carbon
number for the stable period from February 18" to 20" during the DOE IBR Run. A chain growth
probability (a) was obtained for the linear portion of the plot ranging from C,5 to Cgs. The alpha value
was 0.928.
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Figure 6-108: Anderson-Schulz-Flory Plot for Stable Operating Period during DOE IBR Run

G.7  CAR Reactor Activation Summary

The following table lists the activation conditions used for the three 25 pound catalyst additions from
the Catalyst Activation Reactor prior to the DOE Run.
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G.8 Gas Holdup in the FT Reactor

The following figure shows the gas holdup along with the temperature, pressure, and superficial gas
velocity (Ug) in the FT Reactor during the DOE IBR Run. There were spikes in the bottom reactor
pressure reading that are believed to be related to some kind of interference or problems with the
sensor. The top reactor pressure did not display the same issues. The pressure drop on February 23"
was the result of a syngas compressor trip. The Ug is calculated based on the bottom reactor pressure
reading, so it displayed the same spikes. The temperature displayed some fluctuation as discussed
previously. The gas holdup was fairly noisy during the run ranging from 0.50 to 0.65.
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Figure 6-109: Gas Holdup, Temperature, Pressure, and Superficial Gas Velocity in the FT Reactor for
the DOE IBR Run
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6.H Upgrading/ Refining

H.1 Feed Properties

Feedtothe unitconsisted of crude mid-distillate, crude naphtha and crude wax, and at times off-spec

liquid.

Table 6-27 and Table 6-28 average the feed properties.

Table 6-27: Crude Mid-distillate, Naphtha, and LFTL Feed Properties
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Crude Naphtha 53 | 66 75 | 99 129 | 170 | 222 | 245 | 395 | 74 6.7 151
Hydrotreater (LFTL) 66 | 79 98 [ 172 [ 244 [ 311 [ 399 [ 429 [ 498 | 42 6.5 185
Table 6-28: Hydrocracker Crude Wax Feed Properties
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Table 6-27 for the IBR DOE Run can be observed that the bromine number from the naphtha was
significantly high. That concentration which indicates the amount of olefins in the stream, triggered
exothermicreactionsinthe hydrotreating bed of the reactor R-5202A which hindered achieving the feed
ratio needed to match the FT crude liquid productions for the study of the DOE Run. The flow rate of
naphtha should be decreased after seen a temperature excursion in the reactor R-5202A Top bed.

1
MidDistillate produced from FT was heavy, so high temperature gas chromatography for simulated distillation was used, ASTM D-6352.
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H.2  Operating Conditions
The tables below show the average reactor operating conditions that were maintained in both runs.

Table 6-29: Hydrotreater Reactor Average Operating Conditions

Description Stream No. uom IBR DOE Run
HT Rx Charge Rate 4 Ibs/hr 30
Crude Mid-Dist Charge 1 Ibs/hr 16
Crude Naphtha Charge 2 Ibs/hr 12
R-5202A ABT HC-DM °F 532
R-5202C ABT HC-T °F 477
R-5205 ABT AS-200LT (Unisar) °F Offline
R-5202A LHSV HC-DM 4 +CatVolume | hr? 2
R-5202C LHSV HC-T 4 +CatVolume | hr™ 2
R-5205 LHSV AS-200LT (Unisar) 4 +CatVolume | hr' Offline
Gas to Oil Ratio @ R-5202A 5+4 SCF/BBL 3692
Gas to Oil Ratio @ R-5202C I/L (5+6)+4 SCF/BBL 3994
Gas to Oil Ratio @ R-5205 I/L 29+4 SCF/BBL Offline
R-5202A/B Pressure @ Rx Inlet psig 885
R-5202C Pressure @ V-5211 psig 852
R-5205 Pressure @ V-5303 psig Offline
Recycle Gas H,S Concentration @ V-5211 vppm Offline
Recycle Gas H,S Concentration @ V-5303° vppm 400-600

Afterthe parameters were maintained in the IBR DOE Run, the sample taken after the reactor R-5202A
showed very low bromine index, indicating that most of the olefins were reacted in that reactor. Since
most of the reactions were accomplished in the reactor R-5202A, there was no need to increase
temperature in the reactor R-5202C to hydro-finish any remaining reactants.

% Recycle Gas H,S Concentration was controlled byinjecting DMDSdownstream of the reactor charge pump, P-5103.
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Table 6-30: Hydrocracker Reactor Average Operating Conditions

Description Stream No. UoMm IBR DOE Run
HC Rx Charge Rate 14 Ibs/hr 56

HC Crude Wax Feedrate 13 Ibs/hr 19

UCO (Unconverted Wax Recycle) | 26 Ibs/hr 36

UCO Bleed Rate 28 Ibs/hr 0

CFR Mass basis (13+26) +13 Unitless 2.9
R-5502A ABT HC-DM/HC-T °F 546
R-5502B ABT Top Bed HC-205LT °F 647
R-5502B ABT Bot Bed HC-205LT °F 635
R-5502A HC-DM LHSV 14 + Cat Vol hr' 2.5
R-5502A HC-T LHSV 14 + Cat Vol hr' 1.25
R-5502B DHC-2 Top Bed LHSV 14 + Cat Vol hr 0.45
R-5502B DHC-2 Bottom Bed LHSV | 14 + Cat Vol hr' 0.45
Gas to Oil Ratio @ R-5502A I/L 16+ 14 SCF/BBL 9154

Rx Pressure @ V-5603 psig 950
Recycle Gas H2S Concentration @ V-5603° vppm 200-300

H.3 Product Properties and Production Rates

Table 6-31 shows the average diesel product properties during the runs. For both runs the product
properties show outstanding cold properties. However, there still was room forimprovement.

Table 6-32 shows the average stabilized naphtha product properties. The vapor pressure could not be
reported because of the turnaround of the sample result, which could not be reported for the time this
report was submitted.

® Recycle Gas H,S Concentration was controlled byinjecting DMDSdownstream of the reactor charge pump, P-5108.
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Table 6-33 shows the simulated distillation of the Unconverted Wax by HTGC. No bleed rate of
unconverted wax was established due to the visual absence of Heavy Polynuclear Aromatics (HPNAs).
No jet fuel was produced during any of the runs, which trigger the production of HPNA.

Table 6-31: Diesel and Jet Product Properties (Stream 22) AO-P5711
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Table 6-32: Average Stabilized NaphthaProperties (Stream 11) AO-LV5808
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Table 6-33: Unconverted Wax Distillation (Stream 26) AO-P5711

PNpoid ulenl
2. ‘dg1zs€9-a
J. ‘%S 2S€9-a

J. ‘%0T 2S€9-A

J. ‘%0€ 2S€9-a

J. ‘%0S 2S€9-a

J. ‘%0L TS€9-a

J. ‘%06 2S€9-A
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IBR
DOE 278 345 359 387 419 467 588 635
Run

H.4 Mass Balance

During the IBR DOE Run the mass balance was between 95-97 wt% but the flow meter again showed
some issues of accuracy which, together with the hydrogen makeup flow meter errors FI-5180B,
reported incorrect results of mass balance.

H.5 Product Yields

Figure 6-110 show the diesel yields during the DOE Run. The diesel yields decreased substantially after
matching the ratio of FT products production. With the two days of operation for the DOE Run, it is
estimated after prorating the results, that for the total of 4714 Ib of crude FT liquids produced, the PU
would have produced, if fed that amount to PU, a total of 3704 Ib of on-spec No. 2 diesel product.
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Figure 6-110: Diesel Yield duringIBR DOE Run

Analyzing the results from the lab, observe the values highlighted in yellow in Table 6-31and
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Table 6-33 for diesel production. The difference between these numbers shows the overlap in the
boiling points where the quality of the main product (diesel) could be affected. Although the diesel
produced was on specification, this overlap (-20°C) between the 5 vol% of the unconverted wax minus
the 95 vol% of the diesel product, is an indication of poor separating power. See Figure 5-12 for
reference of the principal equipment in PU. If the feed temperature to the columns fluctuates,
maintaining a constant overhead temperature, the separation of the components will vary. That is, the
boiling cut will entrain more or less heavy components in the lighter product, and more or less lighter
componentinheavier product. The fluctuation in feed temperaturevaries the reflux ratio which affects
the components separation.

H.6 Hydrogen Consumption and Gas-to-Oil Ratio

In IBR DOE Run, efforts were made to understand and report more accurate hydrogen consumption
after adjusting and re-zeroing the flow meter FIC-5193. Low pressure gas samples were taken and
analyzedinthe Mass Spectrometer (instead of the RGA since the RGA needed more sample volume and
the sample bomb in the field is not sufficiently big for the requirements for RGA to get the analysis
done); however, afteranalyzed the results showed oxygen content, when the gas samples from the low
pressure section of the unit should not entrain any oxygen. It is indicated that the MS has issues of
accuracy when heavy hydrocarbons are present. Therefore, the study including the off-gases in the
hydrogen consumption estimation could not be executed. It is necessary to purchase a higher volume
sample bomb in order to run the compositional analysis in the RGA analyzer.

The flow meter FE-5193, from the recycle hydrogen purge, started to indicate faulty numbers after
being re-zeroed. It is suggested to calibrate and re-zero the meter in the factory together with the
transmitter. Onthe other hand, the flow meter FI-5180B from the fresh hydrogen compressor has also
been fluctuating. This flowmeteris notsized forsuch low hydrogen flow rate; the accuracy of the meter
is compromised at the hydrogen flow rate available for PU in the IBR DOE Run. The supply from the
hydrogen membrane to the hydrogen makeup compressor was not enough for the flow meterto pick up
an accurate reading. It is suggested to size lower range flow meters for the PU hydrogen makeup and
the recycle gas compressor in order to accurately indicate flow rate due to lower hydrogen makeup
availability and for the bled recycled gas.

The Gas-to-Oil ratio showed for both runs, are sufficiently higher than design which is favorable in
maintaining the catalyst life. However, for IBR DOE Run the gas-to-oil ratio showed a decrease in the
parameter, indicating that the hydrogen recycle purity was affected. This reduction in the parameteris
mainly because of the lower availability of hydrogen makeup from the hydrogen membranes.
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6.1 Wastewater Treatment
1.1 Wastewater Influent

The collected wastewater from the PDU operations was collected and equalized priorto beingfed to the
wastewater treatment plant.

The wastewater comprised of the following:

e C(ClearFuels Venturi Water

e FTProcess Water

e Flare KO Water

e Boiler Blowdown

e Contact Water from washdown

e Incidental stormwater collected on skid

1.2 Influent/Effluent Characteristics/Permit Max Monthly Average for POTW
This sample was collected from the equalization tank and effluent sample was taken from the
wastewatertreatment plant filtrate storage tank. Per the Wastewater permit filtrate water was batch
discharged after compliance testing and approval from the local authority.
The effluent was discharged to the South Adams County sanitary sewer and met all of the categorical

and prohibitive standards.

Table 6-34: WWTP Influent and Effluent Analytical Results

Constituent | Influent | Effluent | Max Avg for One Month
(all concentration in mg/L)

Benzene 7.030 'ND 0.057
Ethyl Alcohol 81.90 0.313 -
Phenol 0.106 'ND --
Acenaphthene 0.114 'ND 0.019
Acenaphthylene 3.160 'ND --
Anthracene 0.217 'ND 0.019
Chrysene 0.104 'ND --
Fluoranthene 1.350 'ND 0.022
Fluorene 0.164 'ND 0.019
Naphthalene 9.860 ‘ND 0.019
Phenanthrene 2.370 ‘ND 0.019
Pyrene 1.660 'ND 0.020
Zinc 0.167 ‘ND 1.050
BOD5 334 'ND --
coD 893 18.9 --
Cyanide 1.2 0.018 0.420
Oil and Grease 163 'ND 7387
Total Suspended Solids 109 'ND 264
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Total OrganicCarbon 232 6.9 --
pH 6.60 8.49 "5t010
Phosphorus 0.11 0.38 --
Sulfate 85.4 86.2 --
Total Dissolved Solids 600 1270 --

*ND — Non Detect, analysis belowanalytical detection limit
Not regulated with Categorical Pretreatment Standards, regulated with POTW prohibitive standards
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SECTION 7 COMMERCIAL

7.A  Design
A.l 20 DTPD Commercial HEHTR Design
A 4x3” coil HEHTR could be designed for a 20 TPD ClearFuels unit, which would result in an acceptable
feedrateof 420dry Ib/hr percoil. The carbonconversion would be relatively low (76 wt%), and recycle of

char (in aseparate coil) would berequired to achieve an overall carbon conversion approaching 90 wt%.

If the radiant box is designed for an initial wall temperature of approximately 1750°F, the syngas
composition will be approximately:

Table 7-1: 20 DTPD Commercial Unit Performance Data (Estimated from PDU HEHTR)

20 DTPD Syngas Analysis

Hydrogen (vol%) 56.1
Carbon monoxide (vol%) 18.2
Carbon dioxide (vol%) 20.8
Methane (vol%) 4.5
Ethylene (vol%) 0.02
Benzene (ppmv) 4200
Total Tars (ppmv) 160
Naphthalene (ppmv) 106
Toluene (ppmv) 5
Acenaphthalene (ppmv) 21
Phenanthrene (ppmv) 13
Anthracene (ppmv) 8
Pyrene (ppmv) 3.5
Fluoranthene (ppmv) 3.1
Benzo-fluoranthene (ppmv) 0.2
Benzo-perylene (ppmv) 0.2
Benzo-pyrene (ppmv) 0.1
Syngas H2:CO Ratio 3.08
Carbon Conversion (%) 76
Syngas Yield (SCF/dry Ib) 26.8
Tar Dew point (°F) 302

Inthis case, asyngas cooler generating 150 psig would satisfythe requirement to operate the cooler metal
temperatures at least 50°F above the tar dew point.

At this capacity and number of coils,itis prudent to avoid flowsplitting after the steam mixing vessel(s) as
this was problematicat the PDU. This would allow the unit to operate at low steam/biomass ratios and
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also should be configured to allow a single coil to be intermittently steamed out, to remove built-up
carbon deposits. Feeding four coils out of a single pressurized feed hopper can be achieved in a feed
hopper, asillustrated in the figure below:

T

Figure 7-1: Pressurized Feed Hopper with 4 Individual Bottom Outlets

In orderto maintaininitial wall temperature, as described above, withthe 4-coil arrangement, a box type
reformerwith 2 sets of 2 coil banks (2 coils per bank) would be required. A box reformer design would
facilitate multiple rows (3 min) of wall mounted burners that can be installed, whichimportantlyallowsthe
heat flux profile and the initial wall temperature to be controlled independently of the lower skin
temperatures and process outlet temperature.

An overall conceptual layout for the 20 DTPD HEHTR is provided below:
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Notes:

(1). Two coil banks with 2 x 3" NB x 200 ft long coils per bank.

(2). Coil bank height approximately 13 ft (Coil pitch approx. 6") with
radiant box height of 17 ft.

(3). Radiant wall burner arrangement shown for 1 elevation only.
Expect 3 burner rows @ minimum 5 ft row spacing.

(4). One or two fluegas collection ducts located at bottom of box
(not shown).

Figure 7-2: 20 DTPD HEHTR Conceptual Layout

Anisometricsketchof the conceptual box layoutis provided in the figure below, showing the arrangement
of the rows of radiant wall burners:
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Figure 7-3: Isometric Sketch of 20 DTPD HEHTR Reformer Box

Multiple wallmountedradiantburners, such as burner Zeeco RW burner, shown below, will be mounted
onthe walls as shown above. Forced draft radiant wall burnerscould also be selected, at additional cost.
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Figure 7-4: Radiant Wall Burners General Arrangement
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A2 40 DTPD Commercial HEHTR Design
Fora 40 DTPD HEHTR the design would consist of either two separate 20 DTPD HEHTR units, as described
below, or a single HEHTR box, twice as long as the 20 DTPD box, could be fabricated with 4 coil banks.
A3 250 DTPD Commercial HEHTR Design (or larger)
Inorderto achieve a250 DTPD, the original conceptfora commercial unit, a configuration of 25 two coil
banks with 2x3” NB x 200 ft longwould be used. Ifthisisdoneinone box, ordividedinto multiple boxes,
needs further evaluation.
A.4 20 DTPD Commercial HEHTR Design Cost estimate
A 20 DTPD HEHTR module contract value is expected to be approximately $2.7 MM (+/- 40%). The

approximate cost breakdown is provided below:

Table 7-2: 20 DTPD Conceptual Design Cost Summary (US Gulf Coast basis)

HEHTR Equipment Costs Sk

Coils 214.5
Box 896.4
Burners 120
Ducting 447.552
Structure, Platform & ladders 149.184
Total HEHTR Equipment Cost 1,827.636

Associated Equipment Costs:

Fluegas HRSG 252.5
Syngas Cooler 159.03
Air Preheater 109.483
Fans 53.935
Stack 56.4
HEHTR Subcontract piping 123

HEHTR Subcontract instruments 123

Total HEHTR Subcontract Value 2,704.984

Note: This cost does not include the cost of downstream particulate removal systems, gas cleanup,
biomass feed system, pressure boundary feed system, steam-biomass mixing, etc. and itis a
contract price not an installed cost.
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A.5 ClearFuels Technology Applications

The table below summarizes the potentiallyapplicable markets for the Rentech-ClearFuels gasifier, with
comments on the suitability of the technology for these markets:

Table 7-3: Rentech-ClearFuels Potential Markets

Technology Basis
Feedrate (DTPD)

Combined Heat & Power
Market
Hydrogen Market (BtH)

Biomass to SNG

Other Markets

Suitability

More suitable for smallerfeedrates, can be
multiplied to reach higher capacities for larger
markets.

Currently a developed market, niche applications
might make sense.

20 — 40 DTPD small modular hydrogen market
(can produce high H2:CO syngas directly from
the reformer, without need for downstream shift
reactor and associated equipment, producing
0.6-1.2 MMSCFD H2. Low olefin content of
syngas reduces pretreatment required upstream
of the PSA unit).

20 - 40 TPD (CF Gasifier can make 3:1 syngas
required for methanation step, without water
gas shift reactor and associated equipment)

BtL, BIGCC and other markets needscale,
individual economicevaluationrequired.

A.6  Small Modular Biomass-to-Hydrogen (BtH) Plant Design

The performance summary for a modular 20 DTPD Rentech-ClearFuels BtH plant is provided below:

Table 7-7-4: Performance Summary for Conceptual 20 DTPD Biomass to Hydrogen (BTH) Plant

Design Parameter Value
Feedrate (DTPD) 20
Feedstock Moisture (wt%) 15
Hydrogen Produced (MMSCFD @ 99.9%+)™? 0.60
Char/Ash byproduct (tons/day) 2.5
Power Consumption (HP) 310
Cooling Water Demand (gpm) 200
BFW makeup (gpm) 7

300 psig sat Export Steam (lb/hr) 1500
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Notes: (1). Does not include recycle of char to HEHTR.
(2). Excludes heat requirement for biomass drying.

The project economics for this size BtH application are summarized in the following table:

Table 7-5: Cost of Production of Hydrogen from Biomass

Units

Hydrogen Production MMSCFD 0.6
Biomass Feedrate DTPD 20
Biomass HHV MMBtu/hr 15.4
Unit Productivity (SCF H2/ Feed Btu) SCF/MMBtu 1624
Nett steam export (Saturated 400 psig) t/hr 0.84
Total Power Requirement kW/hr 232
Raw Water make-up gpm 11
Wastewater Discharged gpm 14
Availability % 90
Total Installed Cost SMM $16.3
O&M Labor SMM/yr $0.8
O&M Expenses SMM/yr $0.7
O&M power SMM/yr $0.1
Steam Credit SMM/yr $0.1
Subtotal $1.51
O&M Costs per day $4,577
O&M cost ($/kg H2)
Feedstock cost ($/kg H2) @ $50/DT $3.17
Capital cost over 15 yrs (S/kg H2) $0.69

$3.42
All-in H2 production Cost ($/kg)

$7.27

At over $7/kg, it is unlikely that small modular biomass to hydrogen plants of this type would ever
compete withpipelined or on-purpose produced hydrogen from Natural Gas, at any foreseeable natural
gas price. The DOE’s 2012 report on “Hydrogen Production Costs using Low Cost Natural Gas” also clearly
indicates that hydrogen at $7/kg will not be economicin the US for the foreseeable future.

The delivered cost for hydrogen trucks in the US, excluding refueling, is approximately $4-12/kg according
to the Department of Energy’s 2004 report, “Hydrogen Delivery Options and Issues.” Tube trailers only
have a capacity of 300 kg of hydrogen, so the 1445 kg/day of hydrogen produced by the 20 TPD modular
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BtH plant may meetademandthatis not practically provided for via tube trailers. Liquid hydrogen tank
trucks (LH2) can provide up to 4,000 kg per truck, but are only available in limited geographic locations.

7.B Commercial ProForma

Rentech has made the strategicdecision to not pursue the commercialization of the technology that we
developed. This decision was made based on the return profiles and the time to cash flow. Rentech’s
shareholders directed us to look at projects with ashortertime horizon. However, prior to the strategic
decision, Rentech was developinganumbera possible projects. The proforma described here is based
on a project we were pursuing in Ontario called the Olympiad project.

Rentech developed acommercial-scale heatand material balance around a notional facility in Northern
Ontario. The project was designedto convert 1000 dry tons perday of Ontario hard wood to 839 BPD of
diesel and 372 BPD of naphtha. The project was essentially a direct scale-up of the table below which
shows the key commercial proforma metrics for the project. The heat and material balance was
completed using data from the pilot demonstration and a HYSYS simulation of the notional facility.

Table 7-6: Key Commercial Project Proforma Metrics

Units Comments
Biomass feedrate DTPD 1000
Diesel bbl/d 839
Naphtha bbl/d 372

Max Fuel Case chosen with slight

Power Import(-ve)/Export(+ve) kw -8250 power import
Aux power demand kw 20730
Total Power generation kw 12480
Liquid Product yield gal/DT 50.9
Heat rate (HHV basis) BTU/gal 377012
Electrical (Nett) Demand kWhr/gal 3.9
Electrical (Total) Demand kWhr/gal 9.8
% fuel usage, fossil based % 3.5
Gate-to-Gate efficiency (LHV) % 36.6

1.3 gal/gal process water;

remainder primarily cooling

tower, boilerblow down, Lower

water consumption possible if
Water usage per gallon product gal/gal 20 water costs are high.
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Afterthe completion of the heatand material balance using HYSYS, Rentech developed a cost estimate
of the facility. This cost estimate was developed from a proprietary costing model based on anumber of
commercial Front-End Engineering and Design (FEED) that Rentech had done in support of other
projects. Forexample, Rentech completed a FEED package for a biomass-to-fuel and power project with
Fluor in 2010. We used that and other information to estimate this project cost on an equipment cost
basis. We alsousedourbestindications onthe cost of labor, freight, and taxes forthe Northern Ontario
location. This costing analysis was done outside the scope of the DOE project. In fact, the entire
proforma analysis was NOT billed to the DOE project.

The Table below shows the cost inputs that went into the proforma calculations.

Table 7-7: Project Cost Inputs to Proforma Analysis

Sources ($MM) Total % Uses ($MM) Total %
Equity Project Capital Costs
Project Equity Funding 85723 | 74.1%| Scoping Period $0.0 0.0%
Total $572.3 74.1% Feasibility Cost 0.0 0.0
FEED Costs 225 29
Final Design Costs 50.6 6.6
Debt Construction Direct Costs 348.6 45.1
Construction Loan $0.0 0.0% Construction Indirect/Other Costs 161.8 20.9
SDTC Loan $200.0 | __ 259 Contingency 113.3 14.7
Total Debt $200.0 25.9% Owner's Costs 34.2 4.4
Start-up Costs 20.2 2.6
Extra Working Capital Cash 2.0 0.3
Initial Inventory __ 34 | _ 04
Total $756.6 98.0%
Financing Costs
Interest During Construction $0.0 0.0%
SDTC Interest During Construction $0.0 0.0%
Debt Service Reserve 0.0 0.0
Operating Reserve 15.7 2.0
Debt Placement Fees 0.0 0.0
Equity Placement Fees 00 | _00_ ]
Total $15.7 2.0%
Total Sources $772.3 100.0% Total Uses $772.3 100.0%
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Sustainable Development Technology Canada (SDTC) Next Gen Biofuels Fund. Rentech had passed due
diligence on that process before the decision to not proceed.

The next table shows the assumptions that went into the proforma analysis.




Table 7-8: Financing and Economic Input Parameters to Proforma Analysis

TIC (3MM) - RTK Internal (15% Contingency) $699.2
Output and Usage
Diesel Fuel Output (bbls/d) 839.0
Naphtha Output (bbls/d) 372.0
Power Sold (MWh) 12.5
Power Purchased (MWh) 20.7
Biomass Usage (wtpd) 1,818.2
Pricing
Biomass Cost ($/wt) $30.00
Sold Power Price ($/MWh) $134.60
Purchase Power Price ($/MWh) $69.28
Green Attributes ($/bbl transportation fuel) $97.44
Diesel Fuel ($/bbl) $126.00
Naphtha ($/bbl) $115.50
Total Construction Debt $0.0
SDTC Funding $200.0
Equity Funding _ $5723
Total Funding ($MM) $772.3

Based on our analysis of wood costs determined in concert with the Province of Ontario, we believe that
biomass could be delivered to the project at approximately $30 per wet ton with approximately 45%
moisture. The project would also be able to produce green power and sell to the grid at Green Power
Pricing while purchasing brown power off the grid. This idea was confirmed by the Province as well.
The Feed In Tariff for green power was assumed to be $134.60 per MWh while brown power pricing
bought by the project was lower. The diesel fuel price was assumed to be $3.00/gallon while naphtha
pricing was assumed to be $2.75/gallon. The green attributes of the fuel are based on the ability to
receive 1.6RIN’s for every gallon produced with a price of approximately $1.45/gallon. Essentially, even
thoughthe project is producing in Canada, Canadian renewable fuel prices are set by US pricing so the
RIN estimationis consistent with thatassumption. We assumed that all product pricing escalated at 3%
peryear and all project costs increased at 2.5% per year.

Based on these costand pricingassumptions, the table below shows an example of a 10-year proforma
income statement for the project.
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Table 7-9: Example of 10-Year Proforma Income Statement

Financial Summary (USD in Millions)

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Operating Efficiency 0% 0% 56% 68% 79% 89% 89% 89% 89% 89%
Total Production

Transportation (bbl) 0 0 143,768 207,430 241,920 272,543 272,543 272,543 272,543 272,543

Naphtha (bbl) 0 0 63,749 91,978 107,272 120,850 120,850 120,850 120,850 120,850
Total Production (bbl) 0 0 207,517 299,408 349,192 393,393 393,393 393,393 393,393 393,393
Revenue

Production Revenue $0.0 $0.0 $31.9 $46.6 $52.9 $61.3 $63.2 $65.1 $67.0 $69.0

Green Benefit Revenue 0.0 0.0 16.0 23.8 28.9 336 346 35.6 36.7 378

Other Revenue 0.0 0.0 7.9 11.7 14.3 16.6 17.1 17.6 18.1 18.7
Total Revenue $0.0 $0.0 $55.8 $82.1 $96.1 $111.5 $114.8 $118.3 $121.8 $1255

Growth Rate NA NA 47.1% 17.1% 16.0% 3.0% 3.0% 3.0% 3.0%

COGS $0.0 $0.0 $17.3 $25.6 $31.1 $36.0 $37.0 $38.0 $39.1 $40.2
Gross Profit $0.0 $0.0 $38.5 $56.5 $65.0 $75.5 $77.8 $80.2 $82.7 $85.3

Operating Expenses $0.0 $0.0 $29.7 $36.5 $37.6 $38.6 $39.6 $40.6 $41.6 $42.7
EBITDA $0.0 $0.0 $8.9 $20.0 $275 $36.9 $38.2 $39.6 $41.1 $42.6

EBTIDA Margin NA NA 15.9% 24.3% 28.6% 33.1% 33.3% 33.5% 33.7% 34.0%
Free Cash Flow $0.0 $0.0 $8.9 $19.3 $27.2 $36.4 $38.1 $39.5 $41.0 $425
Distribution Equity Holders $0.0 ($51.4) ($481.6) ($225.3) ($10.1) $19.3 $27.2 $36.4 $38.1 $39.5 $41.0 $42.5

Tax rate was assumed to be 35% and the After-Tax Leveraged IRR is calculated as 4.1%. We diddo a
sensitivity analysis on product pricing to determine what fuel product pricing would be required to
obtain a 10% IRR. The diesel price necessary for a 10% after-tax leveraged return is $5.16/gallon.

Table 7-10: Diesel and Naphtha Pricing Required for 10% IRR

Diesel & Naphtha Pricing / IRR

Base Case Indicative

4.1% IRR 10% IRR|

Diesel Price ($/gal) $3.00 $5.16
Diesel Production (MM gal) 114 114
Naphtha Price ($/gal) $2.75 $4.73
Naphtha Production (MM gal) 5.1 5.1
IRR 4.1% 10.0%

Sensitivity analysis was done on the primary economicvariables of yield (gallons per ton), capital costs,
non-biomass operating costs, and biomass feedstock costs. The following table shows the Tornado
Chart on +/-30% sensitivity on those variables
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Table 7-11: Sensitivity Analysis - Tornado Diagram

Yield -~ 8.29%
(30%/+30%) [<°7° e
CAPEX
(:30% / +30%) . 745
Non-Biomass Operating Cost
(-30% / +30%) S8 50
Biomass Feedstock Pricing
2.9%
(-30% / +30%) ) 5.2%
-4.0% -2.0% 0.0% 2.0% 4.0% 6.0% 8.0% 10.0% 12.0%
After Tax Levered IRR
Positive Deviation m Negative Deviation
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SECTION 8 LESSONS LEARNED

8.A  General TechnologyLessons Learned and Recommendations

Rentech chose the ClearFuels Technology because of the belief that the small pilot work at the 1-5TPD
level that was completed meant that the technology was de-risked to allow a larger scale unit to be
built. Tens of thousands of hours of small-scale datahad been collected. The datawas not available in a
comprehensive formatand was held very closely by the inventor of the technology. Rentech failed to
understand the scale-upissues at an early stage. When the issues with the IBR HETR unit became clear,
Rentech did go back, armed with more advanced engineering tools and analytical equipment, and
obtained new pilot data at the Unitin Livingston, AL. However, it did take over 1 year from initial data
to start to obtain new pilot-scale data.

It is quite expensive for a technology development company such as Rentech to operate a fully
integrated demonstration-scale biorefinery. Although going through the demonstration scale is
necessary, one recommendation for future teams is to build a demo large enough so that a portion of
the operating costs could be covered by the sale of any products from the site.

8.B  ClearFuels Technology— Lessons Learned

Scale-up of process technologiesis notalways straight forward. This was the case with the deployment
of the ClearFuels gasification technology, as deployed at the PDU. In this case, much of the 20 TPD PDU
demo unitdesign was based primarily on testing conducted at Pearson Technology’s name plate 5 TPD
pilot unit. Although the scale-up capacity factor (4:1) did not seemto be large, there were fundamental
differences in the geometries and design features of the two units, which resulted in fundamental
performance differences.

. The demo unit scale-up relied solely on maintenance of a similar coil residence time
between the demo and pilot units, and later demo unit testing found that this parameter was
not a primary variable in the scaled-up unit’s performance.

. Althoughthe pilot unithad a name plate capacity of 5 dry tons per day, testing done to
setthe design basis forthe demo unitwas done at lower biomass feedrates. The upperlimits of
the unit’s capacity was not evaluated.

° Analytical equipment and resources were limited during the PTI data collection events.
Data collected on syngas tar levels for the pilot plant was more qualitative and less quantitative.
Expectations about syngas tar levels for the demo unit were understated.

. The demo unit basis for carbon conversion was not based on data collected at the pilot
unit and, specifically, not at the higher solids fluxes at which the demo unit was designed to
operate.

) Experiences from previous attempts to scale up the technology (e.g. the Brightstar
Environmental SWERF, installed in Australia) were not adequately investigated.

. The pilot plant was resource limited and not adequately instrumented (e.g. with
multiple skin temperature measurements) and hence key process variables were not
understood. (hindsight)
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. Drawings and specifications from the pilot plant were not available during detailed
engineering. Some aspects of the design of the demo unit were not accurately scaled up.

° The pilot plant used a single coil, whereas the demo unit used two coils with an
upstream ‘Y’ splitter. The challenges with stream splitting on the demo unit were not
adequately understood.

° The responsibility for the design of the demo unit reformer and associated equipment
was largely based on natural gas reformation based on the supplier’s experience. Additional
complexities of biomass gasification were not understood.

8.C Commercialization Lessons Learned and Recommendations

Rentech started down the path of development and production of renewable fuels at the PDU in 2007
whenitseemed clearthat some sort of carbon legislation would be enacted. When this did not occurin
2009 or 2010, this decision was brought into question at the corporate level. Rentech continued to
move down the same path with a number of projects in the DOE Loan Guarantee Program as well.
When this path became unworkable, re-evaluation of corporate strategy was eventually completed
which resulted in Rentech ending R&D activities in alternative energy.

The uncertainty in future regulation makes any project that depends on government incentives highly
speculative in Rentech’s current opinion. Renewablediesel, usingthe FT process, for example, requires
the use of RIN creditsinall circumstances at current energy prices. The uncertainty in those RIN prices
makes financial project returns uncertain and the ability to raise equity in most circumstances very
difficult.

8.0 Engineering, Procurement, and Construction Lessons Learned and
Recommendation

In general, this project utilized cost reimbursable fixed fee contracting. Engineering and Construction
Management were performed with the assistance of an engineering contractor. Procurement was
completed as a joint effort between the engineering contractor and Rentech (Rentech performed the
final procurements). Two separate primary construction contractors were used to construct the plant.
This was a benefit to the project because it reduced risk, and associated risk money from contractor
proposals. It also minimized the number and magnitude of disputes over included scope.

As a result, the change order process was also streamlined which was very helpful in preventing the
project from getting bogged down due to the multiple scope additions required for modifications during
the start-up and operations phases. This EPC structure allowed the project to be constructed under
budget. It was not until after mechanical completion of the original project scope, during the extended
commissioning exercise, that cost over-runs in the project occurred.

This E,P,CM, C structure allowed for agility reacting to the nebulous scope that can occur in an R&D
setting. We recommend that future projects use such a structure for the E,P,CM, C portion of the
project.
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8.E  Operations Lessons Learned and Recommendations
E.1 Biomass Processing and Feed Systems

Loading Dock (EcoDock) to the GrinderInlet:

The augers feeding the material from the EcoDock to the pocket-belt conveyor worked very well on
wood chips and pellets. They had difficulty feeding the bagasse material especially the material
processed in Hawaii. When running the Hawaiian Bagasse, the augers lifted and the auger motors
showed signs of motor loading.

Recommendation: To be able to handle a variety of biomass materials, the interaction between
the format of the feedstock and the process design must be understood.

Biomass Mass Balance:

The weigh belt was calibrated during the DOE Performance Run and was shown to be accurate.
However, thisis notthe bestrelationship between the feedrate to the grinder and the feedrate to the
Feed Hopper or to the Steam Mixing Vessel due to the biomass losses to the Bag House. The loss of
material was greateron the lower density bagasse than onthe wood. The metering screw wasintended
to be mass flow control device, but with the steam backflow problems this was not accurate; material
would hold up and not flow evenly.

Recommendation: A method to measure the feedrate much closer to the feed screw is
necessary to have an accurate mass balance for the process.

Grinder:

The blades showed a degree of wear even during the DOE Performance Run using the specified blade
material. Although rocks and stone caused chippingof the knives, there were patterns of uneven wear
across the blades causing variable spacing between the blades and the cutting bar.

Recommendation: Additionalwork is needed to better understand blade wear and the material
of construction across a wider variety of biomass materials. For commercial projects, an
engineering study should be performed, after feedstock selections completed, comparing a knife
grinder with other grinding techniques (hammer mill, jet grinder, etc.) to determine which
grinding process is more robust.

The grinder setup was sensitive to the moisture content of the feed and would create a fibrous mass
that would plug the screen. In the project the size reduction was to be completed in a single pass.
Alternative design would use a larger opening in the grinder and a series of screens and recycle. In
additionto avoidingthe fibrous mass, it will also tighten up the particle distribution, making the product
more uniform.

Recommendation: It was found that grinding a pre-dried material produced a grind that would
flow better, but it did create more dust. Recommendation is to continue performing wet size
reduction in multiple passes and dry grind, if necessary, last.
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Dryer/Cyclones/Baghouse:

The three primary operational considerations are as follows. Asthe moisture of the feed increased, the
dryerinletcyclone would plug, the supplemental hat steam radiatorsinthe dryer were prone to freezing
and rupture, and the Fluegas used as the primary drying medium did not have a bypass.

Recommendation: The project designed the feed handling system to process a large variety of
feedstocks, which inheritably meant some feedstocks would be more difficult to process.
Recommendations forcommercial design are to freeze the feedstock specifications and perform
testing on the actual feedstock. These tests should include, at a minimum, material
characteristics (arching , bridging), and explosivity / ignitability.

Feed Hopper:
The diamond back hopperdesign was an experimental design from the vendor. In order to get reliable
flow to the feed screw, 9 air cannons were added and the level in the hopper was maintained at 25%.

The performance was also sensitive to the material grind.

Recommendation: Commercial designs and perhaps even the demonstration unit should use a
live bottom feeder or other alternative to the diamond back hopper.

Feed Screw through Rotary Valve:

The section from the inlet of the feed screw to the inlet of the steam mixing vessel was problematic
during most of its operation. The primary cause was steam leaking past the rotary valve into the feed
screw. A number of modifications were made to this area to provide additional venting which
improved, but did not solve, the issues. When “chunks” of moist biomass dropped into the Steam
Mixing Vessel, it would many times cause plugging between the SMV and the inlet of the HEHTR coil.
The equipment also lacked “clean out ports” between the Feed Screw and the outlet of the Rotary
Valve.

Recommendation: Both plug screw feeders and rotary valves were considered during
engineering. An alternative design would be to use pressurized lock hoppers.

Overall Recommendation to the Feed System:

The current design and installation was operated for relatively short periods of time (up to 2 weeks)
with constant operator attention andintervention. In order to make extended verification runs (2000-
4000 hours) using a widerrange of feedstock (both type and moisture content), the Demonstration Unit
would need some modifications, many of which are described above. Itisbelievedthatthe feed system
can be made capable of handling a wide variety of materials and moisture contents with the proper
sequencing and design of the equipment.
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E.2 HEHTR Sections

Steam Mixing Vessel:

The Steam Mixing Vessel was prone to plugging and uneven steam/feed distribution resulting in
plugging of the feed distribution pipe exiting the SMV as well as the vertical section where the pipe
divided into a “Y” which then connected to each of the two coils. Based on first-hand observations of
the Pilot Plant in Livingston, AL, the design was modified which had some improvement to the unit’s
operation. Thisarrangement resulted in a more uniform mixture exiting the SMV. However, the SMV
still would accumulate wet biomass which would periodically drop off in chunks and cause pluggingin
the feed distribution pipe, causing the outlet to plug and biomass to build up in the SMV.

Recommendation: Further design modifications are needed to ensure steady, uniform flow of
the steam/biomass mixture exiting the Steam Mixing Vessel. This might include a plenum
around the areas where the wet biomass builds up that would periodically pulse or continuously
emit a low volume of air or fluegas. The other option would be to use an eductor in lieu of the
SMV.

Feed Distribution Pipes:

A single steam/biomass feed pipe exited the SMV but had to be split prior to entry into the Reformer
boxin orderto feed the two coils. The point of the split (“Y”) proved to be critical in getting good flow.
The insulation of the pipe also proved to be critical in keeping the mixture above dew pointand ata
prescribed temperature when entering the reformer.

Recommendation: Future designs shouldlook at getting the outlet of the SMV positioned closer
to the entry point into the reformer and the connection points to the coils.

Reformer:

The coil-to-coil spacing was greater on the Demonstration Unit than on the Pilot Unit in Livingston.
Consequently, the flame pattern was insufficient to provide the temperature at the top of the coils
which was later determined to be necessary to get “fast pyrolysis” at the top of the coil. A Reed Wall
was also added at the bottom of the reformerto betterdirect the burnerflame inside the reformer can.

Recommendation: The next step (which was underway prior to the conclusion of the research
effort) was to add lance burners near the top of the coil, providing hotter coil surface
temperature in theinitial heating zone of the reformer coils. If the hypothesis was verified using
the lance burners, further redesign of both the burner and coils would have been the next steps.
With some of these possible modifications, the height of the reformer could have been
decreased.

Overall Recommendation forthe HEHTR Section:

From an operational and reliability perspective, future work should focus on the Steam Mixing
technology and the design of the feed system from the SMV into the Reformer.
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E.3 Syngas Conditioning Sections

Expansion Loop:

The coil was hungfrom the top of the reformer. The outlets atthe bottom of the Reformer would grow
down while at the higher temperatures and contract when cooling down. Many times the coils would
not returnto the same position in a “cold” state. Frequent heat-up and cool-down needed during the
commissioning and operating phases caused cracks in the welds. As the pipe “relaxed” during the
heating/cooling cycles, the geometry of the pipe changed. Due to the resultingchange in geometry, the
spring cans on the expansion loop were inadequate to keep the loop level, resulting in twisting of the
loop. Weight boxes were substituted for the spring cans in two locations to allow for a more manual
adjustment as needed.

Recommendation: A large part of the configuration of the exit to the reformer was space
constrained. Commercial design should allow adequate space to optimize piping. Alternative

designs for the support of the coils in the Reformer may also help in the configuration.

Waste Heat Boiler, De-Superheater:

Duringinitial runsthe outlet syngas contained higherand different levels of tar and char than had been
anticipated, causing materialto condense on the inside of the Waste Heat Boilertubes which would plug
afteronly a few hours of operation. After three unsuccessful tries, the Syngas section of the WHB was
by-passed and a “De-Superheater” was installed in the expansion loop piping. The “De-Superheater”
consisted of a water nozzle sprayinginto alargerdiameter pipe section that was welded into the lower
legof the expansionloop. To assist with syngas water contact, a static mixer was inserted into the De-
Superheater section of the piping.

Recommendation: Concluding the learnings from Livingston, the tar composition and
concentrations improved, although the project did not have an opportunity to put the waste heat
boiler back in service to re-test. Beyond the normalrequired heat exchanger design inputs, tube
wall temperature and tar dew points need to be included.

Cyclones and Ash Hood System:

The performance of the cyclones was impacted by the problems with the WHB removal and use of the
“De-Superheater.” The temperatureat the inlet of the Cyclones coming from the De-Superheater was
initially too low, resultingin tarcondensation and plugging. Operating at low syngas velocities relative
to the cyclone design also impacted the performance. To improve performance due to the low
velocities, inserts were ordered which allowed the velocity toincrease at the same syngas flow. Due to
the operational changes, the Ash Dump Valves also saw higher operating temperature and increased
frequency of actuation. Thisresulted in premature wear and Syngas leakage, requiring frequent repair
and re-packing of the valves.

Recommendation: The importance of setting the design basis is key. This unit underperformed
due to its operating outside the design parameters to which it was built.
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Solventand Venturi Scrubbers:

The Solvent Scrubber was not part of the original installation. It was added during the start-up phase of
this projectdue to the unexpectedly high level of heavy tars. Problems wereencountered with solids as
well as a solvent/water emulsion carrying over into the Venturi Scrubber. Temperature control of the
solvent scrubber was performed by water injection and solvent recirculation through an in-line heat
exchanger.

The Venturi Scrubber experienced plugging from solids carryover before the Solvent Scrubber was
added and from a solvent/water/tar emulsion after the addition of the Solvent Scrubber. Additional
sock filtration was added after the Venturi Scrubber to further remove the Naphthalene from the
Syngas.

Recommendation: Tar removal needs an optimized design based on the performance data
gathered from this project.

Overall Recommendation for the Syngas Conditioning Section:

The Syngas Conditioning was designed under the assumption that the char and tar contentinthe Syngas
would be extremely low. The scale-up of the HEHTR from 5 to 20 Dry Tons per Day resulted much
higher levels of tar and char than expected. Consequently, the Syngas Conditioning design was
inadequate to handle the higher levels without frequent interruptions to clean the packing and
additional labor to maintain the filters and cyclones

Alternatively, the use of Tar Reforming technology should be considered to convert tars to useful
syngas. Rentech is developing a dual fluidized tar reforming technology using a nickel catalyst. A
reforming step would then eliminate a waste stream and introduce the reformed tars back into the
process as syngas. We call this technology NiDFB. It is described in detail in U.S. Patent number
8,241,523 issued on August 14, 2012.

E4 Summary

The 200-hour DOE Performance Run using nearly 100% Bio-derived Syngas with tailgas recycle was
successfully completed. However, the current design of the Syngas process (input of biomass feed to
the outlet of the Booster Compressor) is not yet optimized, and required operational attendance and
maintenance intervention. To achieve the increased reliability and lower operational cost needed for
the process to be considered pre-commercial, continued experimentation and process design is
required. With modifications to all sections of the process, the necessary reliability and operational
costs are achievable.
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