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Executive Summary

The Renewable Energy Institute International, in collaboration with Greyrock Energy (formally
called Pacific Renewable Fuels) and Red Lion Bio-Energy (RLB) has successfully demonstrated
operations of a 25 ton per day (tpd) nameplate capacity, pilot, pre-commercial-scale integrated
biorefinery (IBR) plant for the direct production of premium, “drop-in”, synthetic fuels from
agriculture and forest waste feedstocks using next-generation thermochemical and catalytic
conversion technologies (Schuetzle and Tamblyn et. al, 2011a, 2011b, 2013, 2014). The IBR
plant was built and tested at the Energy Center, which is located in the University of Toledo
Medical Campus in Toledo, Ohio. The schedule for this IBR project is illustrated in Figure E1.

2010 2011 2012 2013 2014
Budget Period 1 (BP1) [

Preliminary Engineering [l
Permitting [F—

Budget Period 2 (BP2) [F—
Final Engineering T
Procurement d

Construction :
Operations —

Figure E1: IBR Project Schedule

This IBR plant is based upon unique technologies developed by RLB and Greyrock. It has been
demonstrated that this integrated technology is able to efficiently convert nearly any type of
biomass into “drop-in” liquid fuels. Wood and rice hulls were chosen as the primary feedstocks
for extensive testing and validation of this IBR technology. A distinctive advantage is that this
process can accept ground biomass up to 2.0”- 2.5 in size and water content up to 35 weight %.

The IBR plant is comprised of two major processes, the RLB Thermochemical Conversion
process (TCC) and the Greyrock Liquid Fuel Production (LFP) process (Figure E2).
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Figure E2: Main IBR Plant Processes

The TCC process converts the biomass into high purity syngas using slow (10-20 min.) pyrolysis
under steam reforming conditions at 1,480-1,530 °F, followed by a fast (3-12 sec.) steam
reforming process at 1,790-1,815 °F. The syngas composition, produced from the wood and rice
hulls, was comprised of an average of 46 volume % hydrogen (H>) and 23 volume % carbon
monoxide (CO), with the remainder of the syngas comprised of methane (12 volume %) and CO,
(19 volume %).

The H, and CO was directly converted to “drop-in” synthetic diesel and reformulated gasoline
blendstock fuels using “designer” catalysts employed in the LFP process. This new generation
of catalysts directly produces these fuels by means of free radical processes that differ from that
of the chemical processes typically employed using Fischer-Tropsch (F-T) catalysts. The by-
product gases (consisting primarily of C,-C4 hydrocarbons), produced from the LFP process, are
used as fuels for the TCC burners and for the generation of electricity using a gen-set or gas
turbine. As a result, once the plant becomes operational, no external power or natural gas is
needed. As illustrated in Figure E2, some of the syngas from the TCC system can be added to
the by-product gases to produce additional power which can be used by a co-located facility
and/or exported to the grid.

It was established that this IBR technology has several benefits over other thermochemical
processes. These benefits include:
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e Feedstock carbon was efficiently converted to syngas with the proper stoichiometric
H,/CO ratio of ~2.0/1.0 for the efficient conversion to fuel.

e Tar production was reduced by 100-1,000 times (compared to traditional gasification
processes as described by Rabou, 2009), which significantly reduced syngas
purification processing requirements. It was determined that this reduction in tars
was primarily due to the thermochemical conversion carried out under reducing
conditions (no oxygen or air), and at the optimum steam to feedstock carbon ratios,
temperatures, and reaction times. The overall tar concentrations, excluding benzene
and toluene, in the raw, unpurified syngas ranged from 260-296 ppmv. The syngas
purification system effectively removed these tars from the syngas (> 99% for
naphthalene and 100% for heavier tars).

e Premium synthetic fuels were produced directly with minimal production of wax (<
1.0 weight % of the fuel products at the optimum catalyst operating conditions),
compared to competing F-T approaches, which produce wax as the primary product
for which the production of fuels from the wax requires costly, refinery type
CONVErsion processes.

The IBR plant was designed using modular unit operations so that these modules could be
economically built by a number of preferred U.S. contractors at their manufacturing locations
and moved to the plant site by truck. This modular design and assembly approach significantly
reduced capital costs and plant assembly time. Plant construction was carried out during the
third quarter of 2011 and completed under budget and on time during the first quarter of 2012
during winter conditions in Toledo, OH.

Table E1 summarizes the IBR plant biomass testing and validation that was conducted between
May 9, 2012 and September 21, 2013. The plant was run for a couple of months to check and
calibrate all unit operations, instrumentation, control procedures, and data acquisition systems
(runs #1-4) (Table E1).

The next four runs were carried out to optimize and validate the integrated plant operation (runs
#5-8) as needed to maximize fuel production. This objective was successfully achieved by
carrying out comprehensive chemical and physical measurements on each unit operation and for
the entire integrated plant. The data generated from these tests were used in chemical models to
determine the optimum plant operating conditions.

Once the optimum plant operating conditions were determined, another eight runs (#9-#16 from
12/2012 to 8/2013) were undertaken to validate these optimum operating conditions and to
monitor the performance of each unit operations and the total integrated plant process. The final
run (#17), the Independent Engineer’s (IE) Performance Test, was carried out during September
of 2013.

During this 16-month test period under very cold and hot climatic conditions, the plant was
operated under integrated conditions for a total of 992 hours on wood and rice hulls (not
including plant warm up, shut down, and calibration, which typically took from 48-60 hours per
run. The TCC system was operated alone for an additional 178 hours.
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Several standard reference materials were used for calibration of the total integrated system
before biomass runs. These reference materials included mixtures of methane & CQO,, methanol
& CO,, and glycerol & CO, mixtures, that were run for a total of 220 hours under integrated
operating conditions.

Table E1: Summary of IBR Plant Testing and Validation

Test Period Plant Operation Periods (hrs.)
¢ Peri
est Terto Test Objectives Total Integrated
(Run Numbers) TCC Only
Biomass | Standards
5-7/2012
heck librati 198 0 60
(#1-4) Checkout & Calibration
8-11/2012 o L
/ Optimization & Validation 322 55 57
(#5-8)
12/2012 — 8/2013 D
/ / Validation & Performance 374 141 69
(#9-16)
9/2013 .
#17) Independent Engineer’s Test 98 24 0
Total 992 220 178

It was found that the % carbon conversion for feedstock to syngas and feedstock to fuels
averaged 85 +/- 3% and 40 +/- 2%, respectively over the test period. The fuel production
averaged 58 +/- 4 gallons/1,000 1bs. of carbon input for the rice hulls and 57 +/- 3 gallons/1,000
Ibs. of carbon input for the wood feedstocks when the plant was operated under the optimum
conditions and the correct number of recycle loops to convert approximately 90% of the CO to
fuel. As predicted, the fuel productivity in terms of gallons/dry ash free ton (daft) and
gallons/1,000 Ibs. of carbon input were nearly the same. These fuel production rates were
achieved without recycling of the minor side products (e.g. tailgas, wax and water) to produce
additional syngas.

Gas phase feedstocks, consisting of methane/CO, and methanol/CO, mixtures, were introduced
into the plant for calibration purposes and for comparing fuel production results (in gallons
diesel/1,000 lbs. carbon input) with the biomass feedstocks. The percent carbon conversion for
the methanol/CO, mixtures averaged 80% at the optimal plant operating temperatures. These
mixtures were easy to introduce into the plant and they produced very clean syngas which
exceeded the purity specifications for the efficient, catalytic production of fuel.

In comparison to the gas-phase feedstocks, the biomass feedstocks were more difficult to
introduce and they produced syngas contaminants, which necessitated removal before fuels could
be effectively produced. The RLB technology was very efficient in reducing all contaminants to
very low levels in the syngas, except for benzene. Benzene was produced from the pyrolysis of
the biomass feedstocks, which are comprised of complex aromatic structures. Since the gas-
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phase feedstocks do not contain aromatic components, no benzene was generated from the gas-
phase feedstocks.

The benzene had no detrimental effect on the fuel production catalyst and was collected as a
constituent in the reformulated gasoline blendstock (RGB) fuel. The benzene was easily
removed from the RGB during the final fuel distillation step and it will be marketed separately as
a high value commodity chemical from the commercial scale plants.

The plant was operated also as a hybrid system in which various gas-phase mixtures of methanol,
CO,, and rice hulls were co-introduced in varying proportions. It was found that the fuel
production rates as a function of carbon input were constant, averaging 56 + 2 gallons/1,000 Ibs.
carbon input for these gas-phase/solid phase mixtures. Since the conversion efficiency of the
methane/CO, mixture to syngas was 80% compared to the 85% for the wood feedstock, the
adjusted fuel production was 57 gallons/1,000 lbs. of carbon input, which was nearly the same as
that for the fuel productivity from wood.

During the 16 months of operation, the entire plant was operated seventeen times from non-
operating to operating conditions. Typically, such cycling creates stresses and possible non-
functionality or partially functioning systems in refinery and chemical production plants.
However, the fuel production system, which incorporates the “designer” catalyst and catalytic
reactors, showed a slight improvement in fuel productivity over the 16-month test period even
though there were several periods during which the catalyst poisons produced from biomass,
hydrogen sulfide and ammonia, spiked for short periods to low ppm levels during several tests.
Although these levels were 100 times higher than the safe levels established for the catalyst, the
relatively constant fuel productivity during the 16 months of operation confirms Greyrock’s
predicted catalyst lifetime of three years or more. A comparison of fuel productivity measured
during 2012 and during the Independent Engineer’s (IE’s) test during September 8-20, 2013
demonstrated that fuel productivity increased to some extent over this 10-month period (53.0
gallons/1,000 lbs. of carbon to 56.6 gallons/1,000 Ibs. of carbon for the wood feedstock). These
differences may have been the result of the plant running under slightly optimized conditions
during the 2013 runs compared to the 2012 runs. In any case, this data demonstrates that the
catalyst productivity remained relatively constant over this time period.

Al IBR plant systems have proven to be robust except for the feedstock introduction and ash
removal processes in the TCC system. As a result, more robust feedstock introduction and ash
removal processes have been re-designed for incorporation into future systems. Some minor
failures occurred in the TCC system during the 16 month test period including: 1). A break in the
welded interface between the drive shaft and the rotating drum inside Unit Process 2; 2). Stress
cracks in the hot syngas transfer pipes and; and 3). Plugging of the hot syngas heat exchanger
tubes. As a result, RLB has re-designed these components to insure their long-term durability.
In contrast, no system failures occurred in the Greyrock liquid fuel production (LFP) system.

The fuel produced from the solid biomass and gas phase feedstocks were virtually identical in
chemical composition and physical properties, when the LFP was run at H,/ CO ratios of 2.0-2.2
to 1.0. The fuel consisted of two drop-in fuel products, a synthetic diesel fuel (syndiesel) and
reformulated gasoline blendstock (RGB). The yields of synthetic diesel fuel and RGB averaged
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72.0 volume % and 22.7 volume % of the total fuel produced, respectively. The remaining 5.3
volume % was benzene (a high-value commodity chemical). Benzene was only produced when
biomass feedstocks were used.

Since comprehensive, quantitative chemical measurements were made on each unit operation, it
was possible to carry out a detailed carbon mass balance for the plant. It was found that greater
than 96% of the carbon input into the plant could be accounted for by the primary fuel products,
co-products (primary biochar), air emissions (primarily CO;) and water effluents (primarily
containing C; - Cs alcohols).

Comprehensive engine dynamometer tests, carried out using a 500 horsepower 2014 diesel
engine, demonstrated that 20 volume % blends of the synthetic diesel fuel with petroleum
derived ultra-low sulfur diesel fuels reduced tailpipe emissions even though this engine employs
advanced emission control technologies. This blend reduced CO; emissions by 1.0% and
methane emissions by 9.2%, which will help reduce greenhouse gas emissions since the
comparative impact of methane on climate change is over 20 times greater than CO, over a 100-
year period (EPA, 2014). In addition, this blend improved fuel lubricity from 520 to 404 using
the ASTM D6079 HFRR test (see Section XV for further details on the HFRR test), which will
reduce engine wear, improve long-term engine durability, and decrease repair costs.

As based upon the composition of this synthetic diesel fuel and published diesel engine
performance and emissions tests, it is forecast that the synthetic diesel fuel will reduce emissions
from "in-use" diesels by up to 50%, and more than 50% for off-road diesels typically used for
farming, mining, power generation, rail transportation, and maritime shipping (Lloyd, 2011).

A commercial scale plant has been designed that can convert 240 daft of biomass/day to 4.40
million gallons/year of fuel in the northern Central Valley of California. The current capital cost
of the BTL plant is $40.4 million with an operations and maintenance (O&M) cost of $4.21
million/year (excluding feedstock cost). It was determined that the installed capital cost (Capex)
of the plant for the first full year of operation is $9.18/gallon with a projected internal rate of
return (IRR) of 10.6%. This IRR is based upon an average fuel production cost of $2.37/gallon
GGE (Gasoline Gallon Equivalent), and a wholesale market value of the synthetic diesel of
$3.08/gallon and reformulated gasoline blendstock of $2.65/gallon, respectively. These
economics were based upon the 2014 U.S. average for oil at about $90/barrel with average 2014
retail diesel and gasoline fuel costs of $4.15 and $3.70, respectively. This IRR does not include
renewable fuel incentives. If renewable fuel standard credits are included in the plant
economics, the IRR increases to 21.0%. However, these potential credits are not included in the
TEA since their long-term viability 1s not known. This commercial plant is expected to produce
“drop-in” fuels with a feedstock carbon to fuel carbon production efficiency of 39.7%; a
feedstock carbon to fuel and biochar carbon production efficiency of 53%, and an energy
efficiency of 53.9%.

During the first quarter of 2015, the U.S. average cost for a barrel of oil has dropped to about
$50, with corresponding average U.S. retail diesel and gasoline fuel costs of $3.10 and $2.20,
respectively. As a result, the IRR for the 2014 BTL plant design has dropped to - 0.2%.
Therefore additional work will be carried out during 2015 to reduce the capital and O&M costs
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of this 240 daft/day plant to $34.4 million and $3.79 million/year, respectively. In addition, the
2014 commercial IBR plant design is being upgraded to increase fuel production by the end of

2015. These improvements and other enhancements are expected to increase the IRR to 11.6%
(without incentives).

The data generated in this study was used to carry out a collaborative life-cycle assessment
(LCA) with the National Renewable Energy Laboratory and Argonne National Laboratory to
determine the reduction in greenhouse gases that would be generated by the deployment of the
commercial-scale BTL technology. As based upon the Argonne National Laboratory GREET
"well to wheels" model, it was determined that the greenhouse gas (GHG) emissions would be
reduced by 157% for the BTL plant, compared to diesel fuel produced from petroleum.
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Introduction
A. Background

This DOE Integrated Biorefinery (IBR) project was formally initiated during January 2010
with the primary objective to upgrade an existing thermochemical conversion (TCC)
system and build a new liquid fuel production (LFP) system that directly converts biomass
into diesel fuel at a larger capacity and at a higher conversion efficiency than has been
previously demonstrated. Construction of the 25 ton per day nameplate capacity IBR plant
in Toledo, OH was completed on schedule and on budget (Figures IA.1 to IA.8) in April
2012 and plant performance and validation tests were initiated on May 9, 2012. Seventeen
test campaigns were carried out from May 9, 2012 to September 20, 2013 in which the
integrated IBR plant was operated for a total of 992 hours.

Figure IA.1 is a process flow diagram for the IBR plant, which shows the primary unit

operations and Figures 1A.2 to 1A.9 are photographs of the completed plant, the unit
operations, and the central control system.
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Figure IA.1: Primary Unit Operations and Process Flow Diagram for the IBR Plant



Figure IA.3: Thermochemical Conversion (TCC) System
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Figure IA.5: IBR Plant Central Control System
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Figure IA.6: Liquid Fuel Production System (LFP) with the
Dual Catalytic Reactors and Diesel Fuel Storage Tanks (front view)

Figure IA.7: Liquid Fuel Production System (LFP) (back view)
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Figure IA.8: Diesel Fuel Separation Process

Figure IA.9: Liquid Fuel Production System (LFP) Process Control
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B. Project Objectives

The objective of this project was to design, build, test, optimize, and validate a 25 ton per
day pilot integrated biorefinery (IBR) plant for efficiently converting biomass to synthetic
diesel fuel. The major project objectives were as follows:

e Design, construct and validate the 25 ton per day pilot integrated biorefinery (IBR)
plant for the direct, efficient conversion of biomass to “drop-in” fuels
e Operate the IBR plant:

o Under a variety of conditions to determine the optimum parameters required for
efficient fuel production

o For sufficient time to collect operational data to validate these operating
conditions

o As required to collect technical and economic data for commercial deployment
e Demonstrate that the diesel fuel product is a high quality, “drop-in” fuel that can be
used for in-use, current and future model vehicles

¢ Ensure that environmental and safety requirements are fully incorporated and
properly implemented into the project’s design and construction

e Present project results in the DOE comprehensive project reviews, public forums, and
in technical journals

e Complete the proposed project in accordance with the allotted schedule and budget

1. Technical Targets (Predicted Performance Values)

The technical targets established initially for the IBR plant in December, 2009 are
summarized in Table IB.1.
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Table IB.1: Predicted Plant Performance

Specifications for the Conversion of Wood Feedstock to Fuel

Process Average Plant Predicted
Description Inputs and OQutputs Performance
P P P Values
Feedstock size range (as delivered) (inches) 0.05-1.5
Feedstock Moisture content (wt. %) 10-35
P :
roperties Carbon content (dry) (wt. %) 50.0
Ash content (dry) (wt. %) 0.80
Feedstock .
Processing Grinding energy use (kWh/daft) None
Slow pyrolysis (Unit Operation #2) Temp. (°F) 1,450
Gases steam reforming (Unit Operation #3) 1.800
temperature (°F) (reformer surface Temp.) ’
TCC . .
Conversion Operating pressure (psia) 45
(pyrolysis/ [ Air & O, usage (Ibs./daft) 0
steam
~ Steam usage (lbs. steam/Ibs. feedstock) (with
reformin :
& wood at 20 wt. % moisture) 2.0/1.0
Syngas production (scf/daft) 45,000
CO production (scf/daft) 9,450
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Table IB.1 (continued): Predicted Plant Performance

Specifications for the Conversion of Wood Feedstock to Fuel

Process Predicted
D . . Plant Inputs and Outputs Performance
escription Values*
H,/ CO (volume and molar ratio) 2.0
H; (volume %) (dry) 45
Syngas CO (volume %) (dry) 22
Composition o
(exiting from CO; (volume %) (dry) 20
TCC system) | CH, (volume %) (dry) 12
C,— Cs (volume %) (dry) 1.0
Oz (ppm) (dry) <3500
Syngas Tars (ppm) np
Contaminants
(exiting from Benzene (ppm) (dry) np
TCC system) | 1.5 (ppb) (dry) 2,000
before
purification NH; (ppb) (dry) np
Feedstock carbon conversion efficiency 85
System Exit [ (to syngas carbon) (%)
Gas Yield . .
Thermochemical system energy efficiency (%) 70
Enviroscrub™ (gal/daft) np
Enviroscrub™ ($/gallon) np
Syngas
Purification and (Slltl)lsﬁ/lcriaafrg)d NH; adsorbent replacement rate(s) 0.09
final polishing) :
Sulfur & NH; adsorbent cost ($/1b.) 13.60
Tar conversion to syngas (wt. %) Not Required

*np: values not predicted
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Table IB.1 (continued): Predicted Plant Performance
Specifications for the Conversion of Wood Feedstock to Fuel

Process Predicted
. . Plant Inputs and Outputs Performance
Description
Values
H,/ CO (volume and molar ratio) 2.0
H; (volume %) (dry) 45
Syngas CO (volume %) (dry) 22
Composition
(after syngas CO; (volume %) (dry) 20
purification) | CH, (volume %) (dry) 12
Cy— Cs (volume %) (dry) 1.0
O: (ppm) (dry) <500
Particulates (ng/m’) <500
Syngas
Contaminants Benzene (ppm) p
(after syngas
purification) H2S (ppb) (dry) <20
NHs (ppb) (dry) <50
Catalyst usage (based on 3.0 yr. life) 0.032
(Ibs. / daft) for IBR program '
Catalyst cost ($/1bs.) for IBR program 31.00
H; usage in hydro-cracking .
Conversion of | (kg/kg biomass feed) None required
Syngas to Fuel
Syngas conversion to biofuel(s) 54
(gal/10,000 scf CO at 90% CO conversion)
Energy efficiency across biofuel(s) synthesis
(%) 60

*np: values not predicted
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Table IB.1 (continued): Predicted Plant Performance

Specifications for the Conversion of Wood Feedstock to Fuel

Process Predicted
. Plant Inputs and Outputs Performance
Description
Values

“Drop-in” fuel (gallon/daft) (with wax and 54
tailgas recycle)
“Drop-in” fuel (gallon/daft) (without wax and 44
tailgas recycle)
Export power (KWhr/daft) None

Overall . Commodity chemicals (benzene) (gallon/daft) np

Process Yield

from Biomass | wax side-product (gallon/daft) 6.6
Tailgas side-product (scf/daft) (used for plant

12,000

gas burners)
Commercial plant energy efficiency (%) 40
Commercial plant carbon conversion 40
efficiency (%)
Water discharge from TCC scrubbers 29
(gallons/daft)

Plant

Effluents Water discharge from Liquid Fuel Production np
Air Emissions (tons/day) np

*np: values not predicted
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II. Project Management
A. Program Management

1. Organization

The Renewable Energy Institute International (REII) was the primary organization
responsible for management of this project. The primary subcontractors to REII were
Greyrock Energy (formerly Pacific Renewable Fuels) and Red Lion Bio-Energy (RLB).
Leidos (formerly R.W. Beck) served as the Independent Engineer (IE). REII also
managed the work of several secondary subcontractors as shown in Figure IIA.1.

DOE
Project Manager
Project Monitor

Leidos
Project Manager
Chemical Engineer

REII |

Principal Investigator | |
Project Manager

Project Engineers

[
Greyrock Energy
Project Manager
Project Engineers

Red Lion Bio-Energy
Project Manager
Project Engineers

Desert Research Institute National Renewable
Project Manager Energy Laboratory
Project Scientists Project Manager
Worley Parsons Bureau Veritas
Project Manager Project Manager
Project Engineers Project Engineer
Miwgse PACCAR
Terminals Project Manager
Project Manager ! 9

University of
Toledo
Project Manager

Figure I1A.1: IBR Project Organization
Project information was divided into technical, financial, and project management

categories. Technical information was gathered by Project subcontractors and
communicated to the Project Engineer, Project Manager, and Principal Investigator.
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Financial information was gathered by the Project Manager from the subcontractors
and by Project Accounting from Project staff. Project management information was
gathered by the Project Manager from the subcontractors; financial information was a
component of project management information and that was gathered from Project
Accounting. Figure ITA 2 illustrates the flow of information between internal and
external project entities.

Internal Interfaces

RER

Principal
Investigator

Labor Costs
{Hours)

Labor Costs (Hours)

REN

»  Labor Costs (Hours) || Accounting
*  Material Costs
REN
T e
Manager

Labor Costs (Hours & Dollars)
Material Costs

Final Technical Report
Final Operating Report
Final Financial Report,

Schedule Data =
*  Contract
Schedule
x / / Exterhal Interfaces
Subcontractors DOE

Figure I1A.2: Internal and External Data Flows for the IBR Project

2. Management Process

REII employed several key processes during the management of this project. These
processes included:

e Management by Objectives
e Farned Value Management
e Project Milestone Reporting

3. Schedule and Milestones
The IBR project was divided into two budget periods.

Budget Period 1 (BP1) was comprised of design and permitting. This phase allowed
the project team to complete preliminary engineering on the TCC and LFP systems as
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well as integration engineering between these two technologies. BP1 also included
selected laboratory tests to help determine the optimum operating conditions for the
TCC system. The major milestones completed for BP1 included:

e Development of preliminary design documents for the TCC system, LFP
system, and integrated biorefinery.

e Permits to operate the integrated biorefinery

e Completion of External Independent Review (EIR1)

Budget Period 2 (BP2) included final design, procurement, construction, operations,
and project management. Major milestones for BP2 included:

e Issuance of final design documents including Process and Instrumentation
Diagrams (P&IDs) and Process Flow Diagrams (PFD)

e Site Layout Drawings — 3D Drawings

e Issuance of purchase orders for long lead items

e Feedstock procurement contracts complete

e Mechanical completion of the integrated biorefinery
e Completion of biorefinery check-out

e Start of Operations of the integrated biorefinery

e Completion of the Independent Engineer’s Performance Test

4. Project Financing

The funding for this project was provided by both public and private sources. The
DOE provided $19,980,930 through the American Recovery and Reinvestment Act
(ARRA). The project participants provided more than $7,028,395 of cost share through
both cash and in-kind contributions. Figure IIA.3 provides a summary of the project
cost performance versus the project baseline where AC and PV are the actual cost and
present value, respectively.
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Figure ITA.3: Project Performance against Baseline Costs

B. Plant Site and Supporting Infrastructure

1. University of Toledo Energy Center

The project site is located in Toledo, Ohio at University of Toledo (Medical Center)
Energy Center (UT Energy Center). The UT Energy Center consists of a natural gas
steam plant, which provides steam to the nearby Medical Center. The UT Energy
Center provided steam to the project as well as provided a location to connect to the
electrical grid and provided an entry point for the disposal of process water from the
operations of the integrated biorefinery.

2. Port of Toledo — Midwest Terminals

Midwest Terminals of Toledo International (MTTI) is the operator of the Port of
Toledo. MTTlI is a full service U.S. port at the mouth of the Maumee River at the west
end of Lake Erie. MTTI provides logistics management services to domestic and
international businesses operating in the Midwest. For the project, MTTI handled,
stored, and transported biomass feedstocks used during the operations period of the
project.

3. Environmental Permitting

The REII Project Team modified existing permits for the project site to allow for the
expansion of the integrated biorefinery. Permits and plans developed for this project
included:

e Air Pollution Permit-to-Install and Operate (PTIO) issued by the State of Ohio
Environmental Protection Agency

¢ Building and occupancy permits
e Storm water discharge permit
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e Storm Water Pollution Prevention Plan

e Spill Prevention Control and Countermeasures Plan
C. Technology Partners

This project brought together organizations from industry, academia, and the public sector
in which 15 organizations were directly involved with this project. REII acted as the
project lead for this effort and provided overall program management, engineering and
scientific expertise, and third-party technical performance tests for the integrated system.
REIT’s staff has extensive expertise in thermochemical processes, catalysis, material
science, control systems, chemical engineering, fuel chemistry, manufacturing processes,
environmental science and engineering, and analytical sciences. REII built an exceptional
program management capability by implementing industry best practices in program
management planning, systems, and processes, allowing the efficient execution of this
project.

Two primary technology vendors provided the technical solutions for this project as
subcontractors to REIL:

1. Red Lion Bio-Energy (RLB)

RLB designed, constructed, and validated the Thermochemical Conversion (TCC)
system that converts biomass to syngas. The RLB staff consists of an experienced team
of engineers, scientists, and project developers with a proven track record of
successfully designing, building, financing and operating complex systems similar to
the integrated biorefinery built for this project and future commercial facilities.

2. Greyrock Energy

Greyrock designed, constructed, and validated the Liquid Fuel Production (LFP)
system that converted the syngas to fuels. The Greyrock technology employed direct
diesel fuel production catalysts, catalytic reactors, and adaptive control systems. The
Greyrock staff consists of an experienced team of industry leading scientists and
engineers engaged to develop novel technologies and processes capable of converting
syngas into clean, renewable diesel fuel. The Greyrock team has experience with
technology research, development and commercialization in the refinery, process,
automotive, chemical, and alternative fuel industries having brought together experts
from companies such as Air Products, Johnson Matthey, Chevron, Ford Motor
Company, and other world-class organizations.

The solid experience of both partners has proven to be vital for the commercial success of
the technologies demonstrated under this program.

D. Technical Support

In addition to the team members mentioned above, REII selected key organizations to
assist in achieving the project objectives. These organizations included:
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1. National Renewable Energy Laboratory (NREL)

NREL (Golden, CO) is the Department of Energy’s principal laboratory for renewable
energy research. NREL has R&D expertise in renewable fuels, renewable electricity,
integrated system engineering and testing, and strategic energy analysis. NREL
developed the Transportable Molecular Beam Mass Spectrometer (TMBMS) for the
real-time characterization of syngas constituents. This instrument was used to monitor
syngas contaminants in the hot syngas collected before syngas purification.

2. University of Toledo (UT)

The UT School of Engineering (Toledo, OH) provided technical and laboratory support
to RLB during the project.

3. Desert Research Institute (DRI)

DRI (Reno, NV) is an internationally recognized environmental research center, which
conducts applied research in air, land and water quality. DRI’s Division of
Atmospheric Sciences maintains an extensive organic and inorganic analytical
laboratory with state-of-the art instrumentation. DRI developed and utilized advanced
analytical methodologies for the characterization of over 200 organic and inorganic
syngas contaminants from the TCC system and tail gas constituents from the LFP
system.

4. Bureau Veritas (BV)

BV (Novi, MI) is an industry leader in measurement and analysis of chemical
constituents in air, wastewater, and solid waste samples. BV helped develop protocols
for the collection and analysis of syngas and tailgas from the catalytic reactors.

S. Grace Davison (GD)

GD (Columbia, MD) is an international chemical and catalyst company that was
founded in 1832. Grace collaborated with Greyrock to develop and manufacture the
catalyst support used for the direct fuel production catalyst.

6. pH Matter Laboratory (PHM)

PHM (Columbus, OH) designed and built a laboratory reactor that was designed to
simulate the conditions of the IBR TCC (Figures IID.1 and I1ID.2). This laboratory
reactor is capable of converting solid biomass, liquids, or gases to syngas. In addition,
condensables and char were collected and characterized.
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Figure IID.2: pH Matter Laboratory Simulator Schematic

7. SolarTurbines (ST)

ST (San Diego, CA), a subsidiary of Caterpillar Inc., is one of the world’s leading
manufacturers of industrial gas turbines, with more than 14,500 units and over 2 billion
operating hours in 100 countries. Products from ST play an important role in the
development of oil, natural gas, and power generation projects around the world.
SolarTurbines’ products include gas turbine engines (rated from 1,590 to 30,000
horsepower), gas compressors, and gas turbine-powered compressor sets, mechanical-
drive packages and generator sets (ranging from 1.1 to 22 megawatts).
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ST supported this project by assessing the compatibility of the IBR tailgas in current
gas turbines for the generation of power for the commercial scale IBR plants. In the
first budget period of this effort, the data developed by the project team was used prior
to the completion of the operations period of the Integrated Biorefinery Project. The
BP 2 effort utilized data developed during the operations period of the IBR test
campaigns to update and finalize the report developed during BP 1.

8. WorleyParsons (WP)

WP is a leading provider of professional services to the resources & energy sectors and
complex process industries. In delivering engineering, procurement, and construction
management services, WorleyParsons possesses the versatility and flexibility to serve
as the sole supplier, member of a joint venture, a subcontractor or contract services
locally. In order to respond more effectively to customer needs, WorleyParsons also
promotes and has formalized alliances, partnerships, and consortiums.

The objective of the WP support was to determine the compatibility of the fuel products
produced by the integrated biorefinery with existing refinery and transportation
infrastructure. The scope of work was completed in two budget periods. The first
budget period utilized data developed by Greyrock prior to the completion of the
operations period of the IBR project. The study deliverable for BP 1 was a draft report
and BP 2 utilized data developed during the operations period of the IBR test
campaigns to update and finalize the report developed during BP 1.

9. PACCAR
PACCAR is the 3rd largest global manufacturer of medium and heavy-duty trucks,
marketed under the Peterbilt, Kenworth, and DAF brands. The IBR synthetic diesel

fuel was tested on PACCAR’s heavy-duty diesel engines at their technical center in
Mount Vernon, WA (Figures I1ID.3 and 1ID.4).

Figure IID.3: PACCAR Technical Center in Mount Vernon, WA
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Figure 1ID.4: PACCAR Heavy-Duty Engine Test Facility

10. Surface Combustion

Surface Combustion has designed and supplied thermal processing equipment to
industry for nearly a hundred years. Surface combustion, in collaboration with RLB,
designed the Solid Steam Reforming process (Figure IA.1 — Unit 2).

E. Feedstocks

This project utilized two feedstocks during the operations period; wood chips and rice
hulls. These feedstocks were selected for two reasons: 1) The FOA required that
applicants had previously tested and were able to provide data on feedstocks proposed for
the project (these feedstocks had been tested under a separate program), and 2) the
commercial plants planned for this technology will utilize these feedstocks. Data generated
under this program will influence the design of future facilities.

The wood chips were sourced from a hardwood pellet mill operator in southwest Michigan.
The wood chips were sized to 0.10-2.5 inches, partially dried using the pellet mill kiln, and
then transported to the Port of Toledo for storage. During operations, the woodchips were
transported to the project site as needed to operate the integrated biorefinery. Feedstock
specifications were determined based on 1) previous testing done on the TCC system, 2)
process models developed for the TCC systems that show how particle size impacts the
conversion of biomass to synthesis gas, and 3) the desire to test a range of feedstock
parameters based on the designs of future commercial plants.
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Rice hulls were procured from Arkansas and Louisiana. No additional processing of the
rice hulls was required prior to use as feedstock in the integrated biorefinery. The rice hulls
were delivered by truck to the Port of Toledo for storage, and then transported to the
project site during operations. Figure IIE.1 shows the rice hulls stored at the IBR plant site.

Figure IIE.1: Rice Hulls Stored at the IBR Plant Site

Table I1E.1 shows that the rice hulls obtained for the IBR test from Louisiana and Arkansas
contained 1.3% less carbon and 2.0% more ash than rice hulls obtained from Northern
California.

Table IIE.1: The Composition of Rice Hulls obtained from
Louisiana & Arkansas Compared to Rice Hulls from California

Rice Hull Composition (Wt. %)
Property California Toledo IB1.1 .Samples
Samples (from Louisiana and
P Arkansas)
Carbon 37.8 36.5
Ash 19.9 21.9

Throughout the operations phase of the project there were several lessons learned that will
be applied to future projects. Some of these lessons are listed below:

e The establishment of a system for removing fines and over-sized material will

increase operational efficiency. Fines were not effectively removed from the
feedstock after size reduction, which caused issues with gate valves in the feed
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handling system during early tests. This was corrected in later runs and operations
were more consistent with a tighter feedstock specification.

e The designation of a large area for biomass storage will reduce feedstock costs and
improve feedstock quality. Larger volumes of feedstocks were stored at the Port of
Toledo, then transported to the facility during operations as needed. The added
handling and transport of the feedstock increased the cost to the project. In addition
to increased cost, the storage of feedstock at an offsite location increased the
possibility of feedstock contamination. During inspection of biomass feedstock on
site, small rocks, asphalt, and dirt often had to be removed from feedstock piles
prior to entering the feed handling system.

F. Risk Management / Mitigation Analysis

A Risk Mitigation Plan (RMP) was developed to identify, assess, report and effectively
mitigate potential risks to the project. This RMP was administered by the REII Project
Manager and was updated throughout the project. REII Project Management was
responsible for leading the risk management process and maintaining the related
documentation. Each subcontractor was responsible for carrying out mitigations for their
respective areas of responsibility subject to the review of the REII Project Manager.

This Risk Mitigation Plan utilized methodologies described by several U.S. government
organizations. This document also addressed recommendations on risk areas provided by
the Independent Project Analysis (IPA) organization.

All risks 1dentified were assessed to identify the range of possible project outcomes. It was
then determined which risks were the top risks to address with a formal risk mitigation
write up and which risks are considered minor, and could be easily mitigated.

The probability and impact of occurrence for each potential project risk was assessed by
the REII Project Manager, with input from the project team and sub-contractors using a
“Risk Probability” and “Potential Risk Impact” approach.

The “Risk Probability” was used to assess the probability that the risk will occur and the
“Potential Risk Impact” was the potential impact that the risk could have if it did occur.

REII used the U.S. CDC, U.S. DOD and CA Risk Management templates as well as the
IEC Risk Management Standards #62198 for the development of this Risk Mitigation

Plan. A 3x3 Risk Graphic was chosen to represent the combination of the probability and
impact of any given risk. This matrix was used for every risk outlined in this plan. An
example of final output is shown in Figure IIF.1 in which the risk probability is low and the
potential impact is medium.
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Probability

Figure IIF.1: Risk Probability/Potential Risk Impact Graphic

A robust risk mitigation plan was developed for those elements that were labeled as red and
a more modest mitigation plan was developed for those elements that were labeled as
yellow. Risk mitigation plans were not required for those elements labeled green, however
a discussion on how the risk is being addressed was included.

The application of the risk identification and impact assessment processes included risks
associated with the following project elements:

e Project Scope

e Project Schedule

e Project Budget

e Human Resources/Subcontractors

e Technology (included Failure Modes Effects Analysis [FMEA])

A separate scoring technique was used for the FMEA and the outcome of this score was
translated to an overall risk score and assigned a red, yellow or green Impact Rating for
risks that came out of the Technology Risks Section.

G. Safety and Health

REII developed, in cooperation with RLB and Greyrock, a comprehensive Environmental,
Health and Safety (EH&S) program for the project. This program was administered
through the development of corporate policies; continuous staff education/training on
topics related to environmental impacts, health and worker safety; and weekly project
meetings.

As a result of this close attention to safety and health, no safety or health issues were

encountered during the project period. In addition, the project team received recognition
from the State of Ohio for its outstanding safety record.
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ITI. Plant Engineering and Design

A.

Engineering Management Processes Employed

The following engineering processes were employed for the design, manufacturing and
construction of the IBR plant:

Value Engineering

Concurrent Engineering

Piping and Instrument Design (P&ID)

3-D Drawings

Materials Science and Engineering

Design for Manufacturing

Failure Mode and Effects Analysis (FMEA)

Details on these engineering processes are provided in the following sections.

1. Value Engineering

Value Engineering (VE) is a systematic method that was used to improve the "value" of
the IBR process/system by using an examination of functions. Value, as defined, is the
ratio of function to cost. Value can therefore be increased by either improving the
function and/or reducing the cost. It is a primary tenet of value engineering that basic
functions and safety characteristics be preserved and not be reduced as a consequence
of pursuing value improvements. Many of the improvements made to date have been
achieved by evaluating each unit operation and removing non-value added equipment
and/or simplifying the process. An important part of VE is a process called "Design for
Manufacturing".

This section summarizes how Value Engineering (VE) was used to reduce IBR system
complexity, costs and risks. This VE methodology was also used for design and
deployment of the commercial scale IBR technology (Section XII).

During the past several years, REII has developed and utilized "SE" VE Process models
to evaluate candidate biomass to renewable fuel and energy conversion processes as
follows:

(E1) - Evaluations that assess the scientific and engineering feasibility/practicality of
each unit process in terms of chemistry, physics, material science, biology, chemical
engineering, systems engineering and other technically relevant processes

(E2) - Energy and mass conversion balances and efficiencies

(E3) - Environmental impact assessments

(E4) - Economic analyses
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(ES) - Effectiveness of the proposed socio-political processes that will be used to obtain
government and private stakeholder support for the deployment of commercial scale

plants. Socio-political effectiveness evaluates factors such as government regulations,
organizational objectives, societal benefits, environmental stewardship, and stakeholder
needs and concerns.

As a result of this"SE" VE analysis, five complex and costly processes were completely
eliminated (orange font), twelve processes were significantly improved (blue font),
and three processes were found to perform well and therefore not modified for the IBR
design (black font). The results of these analyses are summarized in Table ITTA.1.

In addition, the "SE" VE model was used in an iterative process to recalculate energy
and mass balances, estimated capital and O&M costs, predict reliability, etc. for the 240
daft/day commercial scale plant design (see Section XII).

Table ITIA.1: Results of "SE" Value Engineering Process
Applied to the Final Design of the IBR Plant

Original Pilot
Plant Processes

Results from "SE"
Value Engineering

Resulting Improved Design
For IBR Project

The need to grind biomass to small
size was eliminated by modifying

1). Biomass Grinding biomass to < 3/16" the biomass introduction process
Processing adds significant cost & improving the heat transfer
efficiency for the pyrolysis/steam
reforming processes
Biomass drying reduces plant This st‘ep was not needed since
2). Dryer energy efficiency and increases water 1S necessary for t!le
costs pyrolysis/steam reforming
processes
3). Biomass ;rl;:esl;l;evv:eizi(fltu;::illizai)dl:ildd A simplified feeder design (the
Introduction y ram charge feeder) was developed

allowed air introduction

4). Slow Pyrolysis

Heat transfer to biomass was not
acceptable

A new design was employed

5). Steam Steam reforming system . . .

Reforming performed as expected The original design was incorporated
6). Ash Collection The ash collector release valve | The ash collector was redesigned

) may overheat resulting in failure | to eliminate possible heat failure

7). Steam . This is a well-known & defined No action/modification required

Production process
8). Natural Gas This is a well-known & defined No action/modification required

Heaters process

The cyclones need to be .

9). Cyclones carefully designed to maximize Cyclones re-designed to meet

particle collection efficiency

collection efficiency specifications
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Table ITIA.1 (continued): Results of "SE" Value Engineering Process
Applied to the Final Design of the IBR Plant

Original Pilot Plant
Processes

Results from "SE"
Value Engineering

Resulting Improved Design
For IBR Project

10). HEPA Filter

This filter has a poor reliability
and high maintenance resulting
in a high down-time risk

The efficiency of cyclones and
water scrubber were improved,
thus eliminating the need for the
HEPA filter

11). Water
Scrubber

Water scrubber didn't have
sufficient syngas purification
efficiency

Incorporated a high efficiency
scrubber at nominal incremental
cost which effectively reduces
contaminants

12). Syngas Oil
Scrubber

This is an expensive process that
produces a waste product

This process was eliminated as a
possible plant improvement since
it is not necessary and does not
add value.

13). PSA System

This system adds unnecessary
capital and O&M costs

This system is not needed since
syngas is produced with the
proper H,/ CO ratio for fuel
production.

14). Guard Beds

Is was determined that 3 guard
beds were not necessary

Incorporate efficient, low-cost
guard beds for H,S and NH;

15). Compressor

The cost and energy
requirements for ~1,000 psi
compressors are prohibitive

Incorporate an improved,
economical catalyst that meets
direct fuel production
specifications below 400 psi.

16). Catalyst

Currently available catalysts
produce a wide variety of
products, which need to be
further refined using expensive
and complicated refinery type
processes

Incorporate improved, economical
catalysts that directly produces
diesel fuel while minimizing
undesirable side-products, which
would require further refinery-
type processing steps

17). Condensers

At least two product condensers
were required, which were
difficult to maintain

The number of condensers was
reduced to one by designing a new,
high efficiency system

18). Refinery
Processing

These are expensive processes
that will be difficult to operate
and maintain at the site of a
commercial, distributed scale
plant

Refinery processing of the IBR
plant products is not needed since
“drop-in” fuels are produced
directly.

20). Storage

The need for separate storage
tanks for fuel, water and wax
will add cost

The IBR plant will only require
fuel tanks. Disposal of the
wastewater in the Toledo sanitary
sewer is acceptable. Storage of
fuel and water at commercial scale
facilities will be evaluated on a
case-by-case basis.
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2. Concurrent Engineering

Concurrent engineering was used for the IBR plant design, which was more time
efficient than the more traditional sequential design engineering. Traditional sequential
design engineering typically moves in a linear fashion by starting with user
requirements and moving forward step by step until the final plant design is completed.
The difference between these two design processes can be visualized by Figure 111A.1

. y Analysis &
Requirements 5
Design
Require-
ments
Design Initial
Planning Planning Imple.ment
Implement- ation
ation v
Veri-
fication
Maint-
enance Evaluation Testing

‘ Deployment

This concurrent engineering approach integrated the functions of design engineering,
manufacturing engineering and other functions to reduce the elapsed time required to
complete the final design. All elements of the plants’ life-cycle, from functionality,
producibility, assembly, testability, maintenance issues, environmental impact, and
finally disposal and recycling were taken into careful consideration in the early design
phases.

Figure IIIA.1: Sequential compared to the IBR
Project Concurrent Engineering Approach

3. Piping and Instrument Design (P&ID)

The P&IDs were used to demonstrate the physical sequence of equipment and systems
and how these systems inter-connect. During the design stage, the P&ID diagrams
provided the basis for the development of system control schemes, allowing for further
safety and operational investigations such as the Hazard Analysis and Operability Study
(HAZOP). The P&IDs for the IBR plant included:

¢ Instrumentation and designations

e Mechanical equipment with names and numbers
e All valves and their identifications

e Process piping, sizes and identification

e Miscellaneous - vents, drains, special fittings, sampling lines, reducers, increasers
and swaggers
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e Permanent start-up and flush lines

¢ Flow directions

¢ Interconnections references

e Control inputs and outputs, interlocks
¢ Interfaces for class changes

e Computer control system input

¢ Identification of components and subsystems delivered by others

The P&IDs also included basic start up and operational information and control and
shutdown schemes.

4. 3-D Drawings

3-D Drawings were used to lay out equipment, design piping runs and improve
visualization of the processes. 3-D Drawings improved the efficiency of the project by
reducing dimensional errors and limiting the amount of re-work required during
construction.

S. Materials Science and Engineering

Since several materials used in components that make up the various unit operations are
exposed to abrasive materials (e.g. rice hulls and rice hull ash) and hot syngas, it is
important that the proper materials are selected to insure component robustness. Two
materials experts were engaged as consultants to help choose the proper materials.

6. Design for Manufacturing

A “design for manufacturing’ approach was employed to reduce the cost and improve
the reliability of plant components. This methodology was used to design and construct
individual unit operations as modular units, such as the pyrolysis chamber, the steam
reforming reactor and the catalytic reactors. In this manner, specific modular units,
such as the fixed bed reactors were assembled at a specified manufacturing location and
shipped to the Toledo IBR site for integration with the other unit operations (Figure
IITA.2). This approach assured the quality and integrity of each modular unit.
Furthermore, the time and cost was significantly reduced for integration of modular
units at the plant site.
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Figure IITA.2: Installation of the Modular Fixed Bed Reactors

7. Failure Mode and Effects Analysis (FMEA)

FMEA was used as a design tool to systematically analyze postulated component
failures and identify the resultant effects on system operations. FMEA’s were carried
out and completed concurrently with the design described in Section IIIA.1. They were
used to identify all potential part failure modes so they can be eliminated or minimized
through design modification at an early point in the IBR plant development effort.
Some possible component failures and fixes/upgrades that were identified as a result of
the FMEA analyses were implemented in the final IBR system design.

B. Description of Unit Operations

Figure I1IB.1 illustrates a process flow diagram (PFD) for the IBR plant. Unit Operations
#1-#4 are referred to as the Thermochemical Conversion (TCC) process and Unit
Operations #4b-#8 are referred to as the Liquid Fuel Production (LFP) process.

The TCC process is comprised of #1 - Feedstock Introduction, #2 - Solids Steam
Reforming, #3 - Gases Steam Reforming and #4a — Syngas Purification

Unit Operation #2 utilizes high-temperature steam to convert the solid-phase carbon to gas-
phase carbon species in the absence of oxygen (O, < 500 ppm). This process can be
compared in concept to the steam reforming of methane, except that this is the first
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efficient steam reforming process that has been successfully developed and validated (at
the pilot scale) for the conversion of solid-phase carbon containing compounds in various
feedstocks to gas-phase carbon containing products. Unit Operation #2 is a specifically
designed retort chamber that operates in the 1,400 to 1,550 °F range. The steam-to-
feedstock carbon ratio is controlled to maximize the conversion of solid-phase
carbonaceous compounds into gas-phase carbonaceous products.

Unit Operation #3 was designed to steam reform the gas-phase products from Unit
Operation #2 into syngas. This conversion occurs at 1,790-1,815°F with gas residence
times of 4-8 seconds.

Unit Operation #4a utilizes several process to purify the syngas including:

v A cyclone to remove particles greater than about 3 microns in size.

v" A high-efficiency venturi water scrubber which cools the syngas and then removes
tars and other fine particulates.

v A packed bed scrubber tower and chemical scavengers to remove sulfur compounds
(e.g., H,S, ammonia, and oxygenated hydrocarbons).

The Liquid Fuel Production (LFP) process is comprised of: #4b — Syngas Polishing, #5 -
Compression, #6 - Fuel Synthesis, #7 - Product Separation, and #8 - Fuel Storage. The
catalytic conversion process employed a novel catalyst that converts syngas directly to
reformulated gasoline blendstock and synthetic diesel fuel.
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Figure IIIB.1: Primary Unit Operations and Process Flow Diagram for the IBR Plant

1. Feedstock Introduction

For ease of operation and capital cost considerations, no biomass sizing hardware, such
as chippers and grinders were included in IBR facility. Instead, the feedstock was
bought and delivered pre-sized, and rice hulls were delivered as-is. Commercial
systems will require on-site sizing equipment for woody biomass.

Drying of the biomass was not required. Unlike traditional gasification or pyrolysis,
which requires dry, finely sized feedstock, this conversion system operates in a steam
reforming mode which can accept moisture laden feedstock.

The IBR project utilized an existing conveyor and transfer hopper while the feed
hopper and air lock systems were upgraded (Figure I1IB.2). New slide gate valves with
hardened surfaces, designed for handling and metering solid material flows, were
installed on the air lock. These valves were designed for high temperature, high
abrasion use.
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[1] FEEDSTOCK INTRODUCTION
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Figure I1IB.2: Feedstock Introduction

i

The feed hopper, conveyor, and storage hopper work together in a continuous process.
The feed hopper stores approximately 12.5 dry tons of biomass and loads the conveyor,
which in turn loads the storage hopper. The air lock moves feedstock into the process
at a set rate in a batch/continuous mode. The batch process was set up on 1 minute
intervals and the size of each batch was determined by conveyor speed which was
established by the desired feed rate.

2. Solids Steam Reforming

Unit Operation # 2 is the first conversion stage of the thermochemical process in which
solids are steam reformed in a unique “retort style” rotating heated vessel (Figure
IIIB.3). The system is designed to operate under reducing conditions, in the absence of
oxygen, and at a pressure of up to 36 psig. The gaseous products exit the system at a
temperature of 1,480-1,530 °F. Unconverted carbon and ash particles exit the solid
steam reforming system via an auger system.
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Figure I1IB.3: Unit Operation #2 - Solids Steam Reforming

Retort Assembly: The retort is a long cylinder with a series of internal spiral flights.
The retort rotates around its longitudinal axis such that the spiral tlights convey the
feedstock from end to end in a defined period of time. Various devices (e.g., bars and
rakes) are used between the flights to cause the feed stock to tumble and improve the
rate of heat transfer.

Heating System: The heating system consists of thirty six (36) Single-Ended Radiant
(SER) tubes and burners arranged along the sides the retort. Each radiant tube

assembly consists of the components listed in Table 111B.1.

Table IIIB.1: Unit Operation #2 - Radiant Tube Assembly Components

Hot Air Burner Alloy Outer Tube
Exhaust/Air Recuperator Air and Gas Flow Control Valves
Silicon Carbide Inner Tube Electronic Flow Controller

Natural gas is used to fire the SER burners during startup operations, but once steady
state conditions have been achieved, then tailgas (a methane enriched syngas) from the
Liquid Fuels Production process may be substituted.

Slagging of silica in the feedstock was limited by keeping the temperature below

1,600°F in Unit Operation #2. Silica’s normal melting point is above 3,092°F; however
the presence of small amounts of potassium (2-3%) will reduce the silica melting point
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to about 1,800°F (Thy et. al, 2006). Since rice hulls can contain up to 1.6 wt. % K;O,
slagging was not a problem below 1,600°F.

Ash 1s removed at the end of the retort with an integrated water-cooled auger system.
The ash 1s depressurized to ambient conditions through a valve-lock/hopper system.
The solid particles are composed primarily of unconverted carbon, silica, metal oxides,
and trace minerals. The ash has commercial applications including as a soil enhancer
and in ceramics manufacturing.

Controls: The heating system is divided into three equal and independent zones of
temperature control. Control of all the zones is implemented in the process control
programmable logic controller (PLC). An infrared temperature sensor is provided in
each zone to monitor and record the retort temperature profile.

A pressure transmitter is provided to monitor and record the pressure inside the solid
steam reforming chamber. Control of this pressure is affected by downstream
equipment. For example, the chamber pressure will rise if the discharge flow is
reduced. Likewise, the pressure will decline if the discharge flow is drawn away faster
than the feedstock is supplied. A pressure relief device is provided in the event of a
high-pressure control malfunction in downstream equipment.

The retort of the solids steam reforming system was manufactured from a wrought
alloy, RA-330, that is suitable for the temperature range (i.e., 1 700°F maximum) and
the pyrolysis compounds. RA-330 was selected for its high temperature strength and
corrosion resistance. The outer casing was designed to withstand 50 psig internal
pressure. The vessel and dished ends were constructed of mild steel plates per
American Society of Mechanical Engineers (ASME) boiler pressure vessel codes.
Ceramic fiber modules, 10" thick, 10 pounds per cubic foot density, were provided and
stud welded to the furnace sidewalls, roof, and discharge end wall.

3. Gases Steam Reforming

Figure I1IB.4 illustrates the unit operation used for steam reforming of the gases
generated in Unit Operation #2. This unit operation operates at a tube temperature of
1,790-1,815°F and a pressure of up to 50 psig. The gas-phase products from the solids
steam reforming process and superheated steam are injected into this unit operation for
conversion into syngas. The resulting syngas is composed primarily of hydrogen (Hy),
CO, along with some methane (CH4), and CO».
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Figure II11B.4: Gases Steam Reforming

The hardware for Unit Operation #3 was constructed from an Iron/Nickel/Chromium-
based alloy. This material was selected for its high temperature tensile strength and
abrasion resistance.

4. Syngas Purification
Figure IIIB.5 shows Unit Operation #4a-1 which is used to separate the ash from the
syngas from Unit Operation #3.
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Figure ITIB.5: Cyclone Ash Removal

At the end of the gases steam reforming system the hot syngas is sent through cyclones
to remove any entrained particles before they reach the syngas purification process.
The cyclones are installed inside the reforming chamber and operate at the elevated
temperature of the chamber. This location limits the potential for condensation of
unconverted higher molecular weight gaseous components inside the cyclones which
would cause fouling and plugging problems and also preserves the thermal energy in
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the syngas for heat recovery opportunities. Ash is collected from the cyclones and
cooled via a water jacketed auger and valve lock system.

Figure IIIB.6 illustrates Unit Operation #4a-2 which is used to superheat the steam for
injection into Unit Operation #2.
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Figure I1I1B.6: Steam Superheating Heat Recovery

Steam for injecting into the Unit Operation #3 is superheated with the exhaust from the
steam reforming chamber burners. Plant steam is supplied at 350°F (177°C). The heat
exchanger / recuperator is constructed from an iron/nickel/chromium-based alloy
selected for its high temperature tensile strength, longevity, and low maintenance.

Following the cyclones, the hot syngas is routed through a quench venturi scrubber
system as illustrated in Figure I1IB.7 (Unit Operation #4a-3) to cool and scrub any
remaining particulates, condensable tars, gases, and contaminants.

First, hot syngas from the cyclones is passed through a series of water-spray quench
vessels, which cool the syngas and coagulate and remove the bulk of micro-particles
and contaminants. The cooled syngas then passes through a venturi scrubber to remove
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