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1. Executive Summary

A number of processes exist to convert biomass to acohol fues, but they tend to be too expensive to
compete on the market with fossil-based fuels (e.g., gasoline or methanol produced from natura gas.) A
potential solution to this persstent problem is the Hynol Process, which has demongtrated carbon
converson efficiency of >85% in bench-scale demongtrations (Borgwardt, 1997a; EPA, 1997; Dong
and Cole, 1996). At this efficiency levd, it is feasible that methanol can be produced for trangportation
use a a price comparable to that of petroleum-based fuels. Methanol can be used as a gasoline
additive, a gasoline dternative, or as a feedstock for a hydrogen fud cdl. (It is dso feasble to use the
Hynol Process to produce a synthesis gas that can be converted to synthetic diesd fud using a Fischer-
Tropsch process, but this possibility has not been explored.)

The Hynol Process combines biomass and hydrogen at high pressure and high temperature to produce a
gynthesis gas and, ultimately, methanol. Once the entire process is operating, waste gas and hesat left
over from methanal synthesis are recycled into the Hynol reactor, providing sufficient heet and hydrogen
to gasfy more biomass. The closed-1oop process is exothermic; this makes a strong contribution to its
overal efficiency becauseit is not necessary to burn fuel to provide hest to the reactor.

In cooperation with the U.S. Environmenta Protection Agency, the College of Engineering-Center for
Environmenta Research and Technology (CE-CERT) at the Universty of Cdifornia, Riversde, has
congructed the world's first and only pilot-scae facility for development and testing of the process
(Figure 1-1). Additiona funding has been provided by the South Coast Air Quality Management
Didrict, the Riversde County Waste Resources Management Didrict, and CE-CERT discretionary
research funding. In the phase of research now being concluded, CE-CERT identified and corrected
many flaws in the EPA’s reactor design. CE-CERT devel oped operating procedures and testing plans,
and successfully operated the facility. During the spring of 2000, we concluded this phase with research
on process flows, temperature optimization, and calculations of carbon conversion efficiency.

In the next phase of research, CE-CERT will make further modifications to the pilot-scde facility to
enable steady-date operation. These experiments will make it possible to assess the overdl efficiency of
the process at the pilot scale, and to evaluate a variety of feedstocks as the source of hydrocarbons for
gadfication. The chemica properties of feedstocks, the chemica composition of products, and the
overdl process efficiency with various hydrocarbon sources will be examined. Process variables and
controls dso will be studied to optimize performance with one or a variety of feedstocks. Additionaly,
the U.S. EPA has provided CE-CERT with its origina bench-scale unit. When appropriate laboratory
gpace can be set asde, this facility can be ingtaled and operated for smaler-scale tesing of Hynol
Process variables.

This research program isintended to serve three fundamenta purposes at the University of Cdifornia:
1. To improve our underdanding of the chemica processes and engineering principles involved in

renewable fudls production, and to disseminate that information for the advancement of knowledge
and improvements to qudity of life.
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2. To contribute to our educationd mission by providing research opportunities for graduate and
undergraduate students.

3. To generate potential new economic activity, especidly in Cdifornia, contributing to job crestion,
new technologies, and efficiency improvements. This objective can best be achieved through
collaboration and cooperation with industry.

e T TR
Figure 1-1. CE-CERT pilot-scale Hynol facility.
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2. Hynol Process Description
2.1 Technical Description

The Hynol Process originated at Brookhaven Nationa Laboratory as a method for increasing the yield
of fuel from conversion of biomass. Origindly concelved to operate with a cod feedstock, the process
has been applied to co-processing biomass with fossil fuds, cod, ail, and gas a high temperature and
high pressure. The process produces methanol, a liquid fud that can be used for trangportation,

industria processes, eectricad power generation, and military needs.

The process involves three phases (Figure 2-1):

Reaction of biomass in a hydrogasfier, dso referred to as a hydropyrolizer (HPR).
Steam pyrolization of the resulting gas, which produces a synthesis gas.

Methanol synthesis, which leaves a recycle gas that can be returned to the HPR and waste heat
that can be returned to the steam pyrolizer.

Phase 1 Phase 2 Phase 3
Biomass # Heat Input #
Hydrogasifier (HPR) Steam Pyrolyzer (SPR) Methanol Synthesis
Carbon CH,-rich H, +CO
synthesis gas

H,-rich recycle gas

M ethanol

Methanol Separation

Figure 2-1. Hynol Process flow.

The basc Hynol Process condsts of two reections. (1) hydrogenation (or hydropyrolysis) of the
carbonaceous feedstock to produce methane, followed by (2) the endothermic reaction of methane with
steam to produce hydrogen and CO (steam pyrolys's). For methanol production, the carbon monoxide
formed in the stleam pyrolysis step is catalytically combined with the hydrogen in athird step to produce
methanol. Excess hydrogen is recycled as afeed gas for hydropyrolysis. Biomassis fed into a fluidized-
bed (HPR) and reacted with recycled H,-rich process gas at 30 atm and 800 °C. Steam &t arate of 0.2
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kg per kg of biomass is smultaneoudy fed into the HPR. The independent reactions taking placein the
HPR can be expressed as.

C+2Ho,® CHy Q
C+HXO® CO+Hy 2
CO2+Hy,® CO + H)O 3

The process gas produced in the HPR contains 13 mole % CO, 38 mole % H,, and 20 mole % CH,.
Nitrogen that comes from the feedstock forms inert N in the process gas and is taken into account in
the caculation of equilibrium gas composition. The conversion of the carbon in biomass feedstock in the
HPR is over 87%. The unconverted carbon is withdrawn from the reactor with ash in the form of char.
The char either can be used as fud or sequestered. Reactions (2) and (3) are endothermic and require
additiond energy input to the gadifier. This is why the conventiona gasification processes need oxygen
or ar to supply combustion heat by burning some carbon in the feedstock within the gadifier. In the
Hynol Process, the therma energy from recycled gas combined with reactions in the HPR alows for an
energy-neutra gadifier without the need for an internd or externa hest supply. The hydrogasfication
reaction (1) between the carbon in feedstocks and the hydrogen in the recycled process ges is
exothermic and provides sufficient heeat for reactions (2) and (3).

Before entering the SPR, the process gas from the HPR of the Hynol Process usualy needs to be
cleaned up to remove particulate and impurities that may contaminate cataysts in the subsequent
reaction steps. Conventional hot gas cleanup methods can be used for this purpose. Feed natura gas
can be added prior to the HPR filter to cool the gas stream and maintain a more filter-friendly operating
environmen.

The process gas is then introduced to the steam reformer (alternatively caled the SPR) where HPR
outlet gas and methane feed react with steam to form CO and H. The steam reforming can be
described by two independent reactions:

CH4+H,O® CO + 3H, (4)
CO,+Hy® CO + H)O (5)

The MSR is a conventiond methanol synthesis reactor using a copper-based low-pressure catdyst. The
reactions are performed at 30 atm and 1,000 °C. A catayst-packed tubular externaly-fired furnace
reactor smilar to a conventional natura gas reformer furnace reactor is used for the SPR. Steam feed
ratio is 1.2 kg per kg of biomass. Methane feed into the SPR is a a rate of 0.5 kg per kg of biomass.
The H, and CO concentrations in the exit gas of the SPR are increased to 60% and 21%, respectively.
The process gas is then passed through a gas heat exchanger, where it is cooled. The recovered heat is
used to heat the recycled gas. The process gas is cooled for the methanol synthesis reactor (MSR) feed.
The steam produced in this way is about 1.52 times biomass feed rate in weight, which makes steam
sdf-aufficient within the system.
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The cooled process gas then enters the MSR to produce methanol. The reactions taking place in the
MSR are:

CO + 2H,® CH3OH (6)
CO5+ 3Hy,® CHOH + H,0 7)

The methanol synthesis is performed at 30 atm and 260 °C. However, higher MSR pressures (up to
100 atm) are dso feasible. The M SR reactions are highly exothermic, so the released process heat can
be extracted from the MSR and used to dry the biomass feedstock. Methanol is separated from water
in a condenser and fractionated to produce concentrated methanol. To increase the conversion of CO in
the MSR, the uncondensed gas from the condenser is partidly returned to the MSR. Using this
gpproach, the recycleratio of the interna loop is4 moles per 1 mole of input process gas from the SPR.
The net result is a 90% conversion of CO to methanal in the MSR. Unlike conventional processes
where CO converson in the MSR is a mod critical parameter affecting the efficiency losses of the
process, the Hynol Process reprocesses the unconverted materia by recycling the gas to the HPR and
thus prevents losses of process gas condtituents. For this reason, the Hynol Process obtains a high
theema efficiency, even though the CO converson through the MSR may be lower than that of
conventional processes.

The condenser operates a 50 °C. The gas exiting the MSR system is introduced to the gas heat
exchanger, ater a smdl amount of gas (3.7% of the recycled gas) is purged, eiminaing the
accumulation of inert nitrogen in the system and kegping the nitrogen concentration in the system below
2.5 mole %. We are designing the system to accommodate a range of steam and naturd gas feeds. The
entry points of the steam and natural gas prior to the HPR or SPR can aso be adjusted as indicated by
revised process modeling assessments.

2.2 Applications

As noted earlier, the objective of CE-CERT'’s research involving the Hynol Process has been
production of renewable methanol. However, the versatility of the process (Figure 2-2) is one potentia
advantage. This would enable a commercid Hynol facility to produce multiple energy or chemica
products, or to be reconfigured in response to changing market conditions.

Inputs Process Products
Biomass Methanol
Municipdl solid Combusts hydrocarbons | Further S)(nth_etlc diesdl fuel
waste . . (via Fischer-

at high temperature processing Tronsch or
Other and pressure with Opsch process)
hydrocarbons hydrogen to produce Hydrogen
a synthesis gas.
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Industrid chemicds

Figure 2-2. Potential products of the Hynol Process.
2.3 Economics of the Hynol Process

CE-CERT has not yet performed research into the economics of the Hynol Process. Previous research,
however, has concluded that a commercia-scale, optimized Hynol system could produce methanol a a
cost competitive with gasoline (Borgwardt, 1997b; Dong and Steinberg, 1997). Edtimates (in 1997

dollars) are that Hynol can produce a gallon of methanol for between 41 and 46 cents. By comparison,
the cost of producing a galon of gasolineis 60 cents (Borgwardt, 1997b). Because the specific energy
of gasoline is greater than that of hydrogen, this would make Hynal-derived methanol less economica

than gasoline for use in an interna-combustion engine. Used in afud cdl, however, the methanol would
prove to be lower in cost because of the differentia in efficiency. This andyss did not contemplate fued

cdlsthat use gasoline as a hydrogen source.

These estimates are based on paper studies, costs of comparable technologies, and the limited results of
bench-scale research.
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3. Previous Research and Development
3.1 Inventors and Patents

The Hynol Process was invented by Meyer H. Steinberg of Brookhaven National Laboratory and
Yuanji Dong of Arcadis Geraghty & Miller (formerly Acurex Environmenta Corporation). They are
ligted as the inventors on two U.S. patents relevant to the process.

5,344,848, Process and Apparatus for the Production of Methanol from Condensed Carbonaceous
Materia (1994), Re. 35,377 (1996).

5,767,168, Method for Converting Natura Gas and Carbon Dioxide to Methanol and Reducing
CO, Emissions (1998)

To the best of CE-CERT’s knowledge, no new patents on the Hynol Process or improvements have
been issued or applied for snce then.

3.2 Bench-Scale Research

The U.S. EPA sponsored research by Arcadis Geraghty & Miller (formerly Acurex Environmenta
Corp.) to perform bench-scale Hynol research in the early 1990s. A thermobaance reactor (TBR) and
a seam reforming reactor (SPR) were ingtaled in the [aboratory. The reactor was connected to the gas
feed system and the downstream equipment for separate testing of biomass gasfication and steam
reforming. The reactors were mounted to a free-standing safety barricade. A computer and
instrumentation were provided to ensure that tests could be conducted in a safe and reliable manner.
Figure 3-1 shows the laboratory design.

The TBR was usad to evauate the reactivity of biomass in Hynol gasification. It was eectricaly heated
and congsts of a 1.38-in ID dtainless sted reactor pipe, a 12-in OD pressure vessel, and a topwork
housing a transducer for measuring the weight loss of a sample during reaction. A pulley assembly was
used to raise and lower a sample basket between the topwork and the reaction zone. The TBR
provided automatic recording of weight loss of the sample as a function of reaction time. The SPR was
an integrated fixed-bed reactor used to evauate the catalyst activity in steam reforming, conssting of a
0.82-in ID reactor tube and a 12-inch stainless sted, pressure-retaining vessal. The reactor was 4 feet
long and was dectricaly heated by a separately controlled three-zone heater. A perforated-plate
support was inddled to postion catdyst sample in the middle section of the reactor. The feed gas
mixture entered the top of the reactor and was preheated in the top heater zone prior to contacting the
catalysts. Both reactors could operate up to 50 atm and 1000 °C. Mass flow controllers were used to
control the flow rates of H,, CH,, CO, and CO, from individua gas cylinders to smulate the feed gas
composition of Hynol operating conditions. The sseam was added to the feed gas from a steam
generator fed with didtilled water by a metering pump. The reactor exit gas was cooled in a condenser
followed by an ice-bath to remove moisture, and then depressurized via a back-pressure regulator
before being vented to atmosphere. The flow rate and composition of the product gas were measured
by adry gas meter and a gas chromatography, respectively.




University of California, Riverside, CE-CERT Hynol Process for Renewable Methanol Production

Mass Flow ’Tﬁ/ Condenser

Controller LLl
H2 —s{mFc—— —

cra—sfurd—— [ Ice
Bath
co —*{MFd——+
coz2 —s{urc— m
-

C Back-Pressure
Regulator

M=
i

Gas ]
Mixer

|

heater
Trap GC _I_H

Metering
Pump 1
—

Steam
Generator

Steam
Thermobalance Pyrolysis

Reactor Reactor

Figure 3-1. Bench-scale Hynol facility.

In the TBR tegting, the reactivities of poplar wood and pressed switchgrass were eva uated. More than
a hundred test runs were conducted. It was observed that the hydrogasification under Hynol operating
conditions involved arapid devoldilization and pyrolysis reaction of the volatile matter in biomass and a
dow reaction of resdua carbon with the process gas. The rapid-reaction was found to be essentidly
completed in less than 0.2 to 0.3 minutes, contributing most of the biomass converson. A three-
parameter kinetic modd was developed to corrdate the experimenta sample weight loss and
quantitatively express gadfication rates and biomass converson as a function of reection time. The
effects of particle Sze, gas velocity, system pressure, reaction temperature, and feed gas composition on
biomass gasification behavior were investigated. The study showed that nearly 86% of 1/8-inch poplar
particles and 90% of sawdust could be converted into gas products in 60 minutes. Reection
temperaure and particle size srongly affected the gasification rate and biomass converson. The
converson was proportiona to the partid pressure of hydrogen and steam in the feed gas. The
comparison of the compositions between the chars after 20 minutes and 150 minutes of gasfication
showed that there was virtualy no further converson of hydrogen and oxygen in the char after 20
minutes. The additiona biomass conversion resulted from the reaction of carbon in the resdua char with
the process gas.

In the SPR testing, a number of test runs were made under the conditions Smulating the steam reforming
gep of the Hynol process. To quantitatively interpret the experimenta data, a kinetic model was
developed based on the first order reaction with respect to the partid pressure of methane in the feed
gas as wdll asthe consderation of the increase in total gas moles as the reaction proceeds. Theintrinsc
reaction rates were measured at different reaction temperatures using catdyst powders in the size less
than 0.1 mm crushed from a commercidly available Ni-catdyst. An activation energy of 28 kca/mol
was determined from Arrhenius plots. The effectiveness of the commercid-sze catalyst pellets used in
indugtrid steam reformers was evauated, showing a strong restriction of pore diffuson within the pdlets
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upon the overdl reaction rate. A steam-to-carbon ratio of 2.0 in the feed gas was found to be
appropriate to avoid carbon deposition on the catalyst under the Hynol operating conditions. The testing
has proved that the commercidly available Ni-catayst was suitable for methane steam reaction under
the Hynol process conditions.

In 1992, a pand of fud production experts from the Department of Energy, the Gas Research Indtitute,
the Oak Ridge Nationa Laboratory, the Massachusetts Indtitute of Technology, Tennessee Valey
Authority, and other organizations conducted a peer review of the Hynol Process and confirmed the
potentia for the process to produce large quantity of methanol from biomass a prices competitive with
gasoline and with low net carbon dioxide emissions. The EPA proposed to demonstrate methanol
production from biomass using the Hynol process. The Cdifornia Energy Commission and the South
Coadt Air Quality Management Digtrict (SCAQMD) supported the demonstration project. The project
gte was sdected a the Univergty of Cdifornia, Riversde, College of Engineering-Center for
Environmenta Research and Technology (CE-CERT). The EPA obtained funding from the Department
of Defense through the Strategic Environmental Research and Development Program (SERDP). The
overdl gods of the project are to demongtrate the performance of a pilot-scae integrated unit with a
biomass capacity of 50 Ib/hr and generate design, construction, and operating data for plant scae-up.

3.3 Pilot-Scale Facility Design

Under contract with the U.S. EPA, Arcadis Geraghty & Miller prepared a design for a pilot-scale
Hynol facility (Unnasch, 1996). The EPA peer-reviewed and accepted this design. Under a separate
agreement, the EPA provided CE-CERT with this desgn and funds to congtruct it. Numerous flaws in
the design, as wdll as materids problems, were found during congtruction and start-up operations. Many
of these problems were serious and required sgnificant re-engineering by CE-CERT. These problems
and their solutions are documented in a report by CE-CERT to the EPA titled Evaluation of a
Process to Convert Biomass to Methanol Fuel (Norbeck and Johnson, 2000). This report ill isin
draft form and will be made find during August 2000. It documents modifications and improvements to
the following systems, components, and processes.

Hydropyrolysis reactor refractory materid.
Burner management system.
Secondary air system.

L ow-pressure igniter.

Burner ves.

Biomass feed system conveyor.
Biomass feed system overflow chutes.
Feed system storage containers.
Electrica controls.

Gas supply and measurement system.
Steam flow metering.

Nitrogen pulse hegater.

Bed height measurement methodology.
Flow cdculation methodology.
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Cooling sysem.
Solenoid valves.
Exit flare stack.
Heat exchanger.
Sample system.

These modifications are described in greater detail in Section 4. We expect that when the Norbeck and
Johnson report is submitted to and accepted by the U.S. EPA, the previous document either will be
modified or withdrawn.

10
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4. CE-CERT Research on the Hynol Process
4.1 Introduction

The current project caled for CE-CERT to construct and operate a pilot-scde fadlity for Hynol
research and development. Origina objectives of the program were to:

Demondtrate performance of high-pressure fluidized bed hydrogasfier to produce synthesis gas.

Demondrate a maximum carbon converson under smulated optimum recycle gas conditions of a
steam/carbon ratio between 2.5 and 3.5 in the steam pyrolysis reactor (SPR).

Demondtrate the hydrogen pyrolysis reactor (HPR) system capability to operate without externa
energy sources other than feed stream enthalpy.

Feed and gasify biomass in the HPR without agglomeration problems.

Generate data for scale-up of an HPR to 10 tons/day.

Develop abiomass feed system and test its durability.

Demondrate dkali metal adsorbing materials that successfully mitigate gesifier problems.
Test ahot gas cleanup system sudtainable for the HPR system.

Figures 41 and 42 show schematic diagrams of the facility as built and modified. The figures dso
indicate the locations of thermocouples and sensors ingtdled in the system to monitor its operations.

CE-CERT congtructed the system according to the EPA design (Unnasch, 1996). Before operation
could begin, sgnificant redesign of many components and subsystems was necessary to assure prope,
safe function. These modifications were designed, implemented, and tested before process research
could begin.

4.2 Reactor Design and Construction

The following modifications to design specifications and congruction procedures were made. These
modifications should be taken into account for any subsequent development of pilot-scale or larger
Hynol facilities. It is expected that these changes, which have been provided in a report to the U.S.
EPA, will be appended to the EPA’s existing document on Hynoal facility construction (Unnasch, 1996)
or used as abass for revisng that document.

Refractory. The origind plan caled for curing of the refractory materid on-Ste rather than at the
factory. This required long-running operation of the heater and significant daff time. Factory-curing
would be more cogt-effective. Also, the origind specifications for the refractory materia were deficient.
The refractory was ddivered damage, and the vessdl flange was cracked. CE-CERT had to return
severd piecesfor remanufacture or repair.

11
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Feed system. The origind feed sysem contained no mechanism for determining mass ddlivered. This
would have made it impossible to caculate mass balances and system efficiency. Additiondly, the
system was subject to bridging. CE-CERT completely redesigned the feed system and developed
mechanisms for accurately measuring the mass provided to the reactor, as required by the CE-CERT
tedting plan.

Burner system. The origind burner system had many design flaws. The burner was designed to
preheet the reactor, filter, and heat exchanger sections on start-up, but it was not originaly designed to
operate in a high-pressure environment. As a result, the burner flame frequently was extinguished. CE-
CERT redesigned the burner system for adequate operation. The secondary air injection system aso
hed to be redesigned to prevent the flow of air from carving ahole in the refractory system.

Gas preheater. A nitrogen pulse heater and a hot gas preheater purge, used to clean the ceramic filter
hourly, were not included in the origind design. CE-CERT designed and implemented this system.

DRY BIOMATE SuPeyLy
2400 b
TWO DAY CAPACITY

T 1

Figure 4-1. Hynol biomass feed system.
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Figure 4-2. Hynol reactor.
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Cooling system. A cooling system aso was required for safe, sustained operation. The origina design
did not have a cooling system.

Gas flow sensors. The origind gas flow sensors were inadequate and would have impaired the
accuracy of flow measurements. Also, sted was used as the materia for orifice flanges, making them
subject to rust. CE-CERT recdlibrated the sensors and plated the flanges with nickd to prevent rusting.

Steam flow. Theorigind design for seam injection caused condensation ingde the vessd. Origindly, an
orifice type flow meter was to be used for steam flow metering. Thisis not a recommended sensor type
for measuring steam flow because the dengity can significantly change across an orifice when water
condenses due to pressure drop. CE-CERT used a 500 ml burette at the inlet to the steam pump and to
spot-check the flow of the steam pump during testing.

Heat exchangers. An externd heat exchanger was not part of the origina design. The interna hegt
exchanger was not seded, dlowing mixing of input and output gases. Spring hangers were szed
incorrectly and had to be replaced. CE-CERT designed and implemented an externd heat exchanger.
The heat exchanger was redesigned using new materias, and spring hangers were replaced.

Water removal. The origind design did not address water removal. CE-CERT is continuing to study
this issue and making gppropriate modifications.

4.3 Reactor Operation

CE-CERT developed standard operating procedures, a process control system, and a sampling plan for
the pilot-scale reactor. Numerous tests of subsystems, components, and the entire system were
conducted over the course of construction and modification. These tests turned up other challenges that
had to be overcome to enable operation of the facility as designed.

The full system was operated successfully for the firgt time on January 5, 2000. The facility achieved and
held its operating temperature, biomass and gases were introduced, and fluidization and gasification
were recorded. Steady-state gadfication was not achieved, and we detected a troubling loss of
temperature when air was withheld. Considerable further research is needed, as described in Section 5.

4.4 Preliminary Results

The mgor accomplishments of the program o far have been the development of an operationa pilot-
scale facility and procedures for its operation and data collection. Limited data collection has taken
place, and we are only beginning to be able to characterize the process and its efficiency.

Based on the limited results obtained to date and previous research conducted by others (see
Appendix), CE-CERT has modded the performance of the facility. Table 4-1 summarizes the modeed
performance from CE-CERT and other research.

Table 4-1. Modeled Performance of Hynol Process.

14
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Hynol UC Riverside Hynol
Test#4 Arcadis’'EPA
Expected / Operational Simulations

Temperature 800°C (1472°F) 800°C (1472°F) *

Pressure 8 atm (103 psig) 30 atm (442 psia) *

Solids Fast Residence Time (average) n/a 15sec*

Solids Slow Residence Time (average) n/a 7.86 hr *

Gas Residence Time 9sec** 8 sec

Superficia Ve ocity 0.27 m/s ** n/a

Gaseous Input Flow Rate 1.26 kmol/hr (4.2kg/hr)** 2.53 kmol/hr **

H, 95% ** 69.9 %+ *
CH, 0% ** 1.80 %**
CO 0% ** 8.95 9%+ *
CO, 0% ** 3.90 %**
H,O 0% ** 0.0 %**
N, 5% ** 7.0 %**
Biomass | nput Flow Rate 18.5 kg/hr (41 1b/hr) **** 22.7 kg/hr (50 Ib/hr) ***
C 49.7 Yowt 51.5 %wt *
H 5.5 %owt 6.20 %owt *
O 43.3 Yowt 41.4 %owt *
N 0.4 Yowt 0.42 %owt *
H,O 18.7 Yowt 10.0 Y%owt *
Ash 1.12 Yowt 0.47 Yowt *

Ash Exit Flow Rate 1.14 kg/hr 1.4 kg/hr *

Sand Exit How Rate 0.3L/hr 0.3 kg/hr *

Kaolinite Exit Flow Rate n/a 0.2L/hr*

H/C biomass Ratio (by mass) 432 0.459

Hydrogasification Products 1.99 kmol/hr (21kg/hr) ** 3.056 kmol/hr (45 kg/hr)**
CH, 10.5% ** 19.1% **
CO, 2.76% ** 6.3%**
CO 14.0% ** 12.1%**

H, 85.8% ** 37.1%**
N, 3.27%** 5.9%**
H,O 10.6% ** 18.0% **

Temperature Profile/Distribution Reaction Dependent Electric Heater Control
TE-809% 800 800 *
TE-809 770 800*
TE-810 730 800*
TE-811 700 800*

Bed Material InvestoCast 50 Sand *
Particle Diameter 0.34 mm (0.013in) n/a
Volume Added 15L n/a
Composition 52% Si02, 42%AI1203 n/a
Static Bed Height @ Start-up 45.3cm (18in) n/a

*  Evaluation of Biomass Reactivity in Hydrogasification for the Hynol Process by Yuanji Dong and Edward Cole, EPA-
600/R-96-071

**  Calculated with Stanjen at operating pressure and temperature using the above inputs to the reactor (Constant T and P).

*** Hynol Process Evaluation by Borgwardt EPA-600/R-97-153.

***% | aboratory Analysis of White Oak Biomass Hazen Labs dry basis except for 11.35 kg/hr biomass and 18.7% moisture.
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5. Research Needs
5.1 Hynol Process Activities

The long process of developing the Hynol facility is largely complete. Although we anticipate further
modifications as the research program progresses, we expect now to be able to concentrate on studying
and developing the process for methanol production.

CE-CERT is unusud among Univerdty of Cdifornia research laboratories in that we have a full-time,
permanent research staff in addition to faculty, graduate students, and postdoctord researchers.
Recently, a senior development engineer with expertise in gasification and fluidized beds has joined CE
CERT s &aff. It isanticipated that he will play akey rolein further research.

CE-CERT dso isunusud in the high degree of industry involvement in its reseerch. More than 90% of
CE-CERT's annua budget is derived from research contracts and grants, including a sgnificant portion
sponsored by industry. We are equipped to collaborate closdly with industry (even going so far as
having industry sponsors researchers work in our |aboratories dongside our personnd), and we have
wel| established mechanisms for the use of intellectud property and the licensing of inventions.

5.2 CE-CERT’s Vision for Sustainable Transportation Research

CE-CERT is an integrated research laboratory with projects spanning the full range of trangportation
issues, from fuels to energy conversion to emisson controls to atmospheric impacts to public policy. The
Hynol research is a cornerstone of a vison for sustainable transportation research that CE-CERT is
developing. We are optimigic that a multi-year program with sgnificant involvement of indudtry,
University of Cdiforniaresources, and government agencies can be assembled.

The proposed Cdifornia Sudtainable Trangportation Ingtitute will take a systems approach to
transportation issues, encompassing energy demand, energy sources, transportation and environmental
drategy, land-use drategies, and the full environmenta consequences of trangportation. The program
aso will sudy individud and societd implications of transportation technologies and Srategies: the
persona choices, cultura evolutions, and educationd approaches that determine what approaches
succeed or fal in the market. Although the Indtitute necessarily must focus intensdy on technology and
indudtry interaction, the program aso will comprise interdisciplinary research and education involving
engineering, the physcad sciences, and the socid sciences. Significant private and non-date funding
would come from companies and agencies involved with energy, the environment, agriculture, and waste
managemen.

Trangportation accounts for more than one-quarter of al energy consumption in the United States, and
foss| fuels have provided more than 95% of dl trangportation energy throughout the 20" Century
(USDOE, 1998). Cdifornia done had 22.26 million automobiles and consumed nearly 13.5 hillion
gdlons of gasoline in 1997, the latest year for which gatigtics are avallable (CEC, 1999). Significant
increases in the number of vehices and miles driven, both domedticdly and worldwide, will put
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additiond pressure on petroleum supplies and will continue to contribute to air pollution and globd
climate change (PCSD, 1999).

The Presdent’s Council on Sustainable Development concluded that if the United States continues to
operate its trangportation system without changes, growth in energy use and transportation demand will
overwhem any efficiency improvements derived from new technologies (PCSD, 1999). This will result
in gnificant environmental and economic deterioration. The Council’s recommendations include new
gpproaches and technologies to reduce trangportation demand as well as new technologies for reducing
dependence on fossl fuels, increasing U.S. energy independence, and reducing emissons of pollutants
and greenhouse gases.

Cdifornia and the nation have a compelling need to take a systems gpproach toward development of an
environmentally and economicaly sustainable trangportation system. Sudtainable transportation would
be based on renewable rather than fossil energy, and it should improve efficiency to reduce emissons of
criteria pollutants, toxic air contaminants, and greenhouse gases. It would assure adequate mobility for
people and products. It would build on eiging industry and infragtructure in Cdifornia, and it should
encourage the development of new transportation and energy converson technologies in the date.
Susgtainable trangportation planning aso can provide a framework for other important planning and
development in the state. Population growth, land use srategies, and economic development are
intertwined with transportation availability and cost. Wise planning for transportation will improve overal
planning for Cdifornia

The Indtitute' s research agenda will evolve as promising technologies are developed, as indudtrid and
academic partners join, and as interdisciplinary research and education programs provide new
perspectives. The following list serves as a sarting point for the research agenda.

Fud production and digtribution. Replacing the 97% of transportation energy dependent on fossil
fuels today will require innovation in the identification and development of renewable feedstocks.
Agriculturd crops, agricultura waste, other solid waste, solar energy, and other sources will be
investigated. A high priority is biomass-to-fud conversion. Processes for converting feedstocks into
usable transportation fuels will be developed, demondrated, and evaduated. At the same time,
however, we shoud not turn our back on carbon management srategies, which would remove
carbon dioxide, an important greenhouse gas, from the ecosystem and provide, at least for the short
term, a“ sustainable’” way of continuing to use codt- effective foss| fuds

Energy storage, energy converson, and propulson. The fuds or energy derived from
renewable resources are likey to require modifications to didribution systems, refuding
infrastructure, and engines or energy converson devices aboard the vehicles themsdves. The
development of engines (or other energy conversion devices) and fuels must go hand-in-hand.

Trangportation system design and control. As noted by the Presdent’s Council on Sustainable
Development, innovative ways to control transportation demand are essentid to reducing the
environmental and energy impacts of trangportation. At UCR, the CE-CERT demonstration of the
IntelliShare dectric vehicle system is one example of such an innovative transportation approach.
Research and andyss of issues involving development, land use, and infrastructure dso would be
conducted in this category.
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Environmental impacts. The devdopment and use of new fueds new engines, and new
trangportation systems can have unexpected consegquences. The gasoline additive MTBE, for
example, made a srong contribution to reducing ar pollution but resulted in groundweter
contamination. Californid s refineries spent hundreds of millions of dollars modifying systems to add
MTBE, and now are spending millions more to diminae it. The multimedia environmenta impacts of
fuel or energy production and consumption must be well understood to prevent costly mistakes in
the development of future trangportation technologies. Experimental andys's and modeling studies
will answer these critica questions.

Economic impacts. The externdities of any new approach must be evaluated in an objective way
to assure that finite resources are gpplied in the most beneficia way. The incrementa cost of anew
fud or a new propulson system is only pat of the question. The economic implications of
environmenta protection and sustainability are one issue to be explored. Another is the potential
economic impact of dternaive fud use on Cdifornia, where hundreds of thousands of jobs and
billions of dollarsin economic activity depend on traditiona energy production.

Social implications. Public acceptance of new technologies and approaches is critical to success,
but is far from assured. As new technologies or trangportation management systems are developed,
determining how to move from the laboratory or smdl-scade demondration to the maingtream is
essentid. This requires an understanding of public expectations regarding trangportation and
consumers economic and socid priorities. Additiondly, this research area should include studies of
educationa gpproaches to make consumers understand the connection between their persond
choices and macro-scae economic and environmenta issues.

Policy implications. As CE-CERT has demondtrated numerous times, the most successful
regulatory drategies are those that make economic sense and have the “buy-in" of the regulated
community. The viewpoints of other stakeholders aso is a criticd factor in decisonmeking — for
example, environmentd judtice for low-income communities has been a factor in decisons at the
South Coast Air Quality Management Didrict in recent years. Astute, redigtic andyss of what can
and should be achieved will require interdisciplinary collaborations among engineers, physica
scientists, and socid scientists, as well as participation by industry and government agencies.
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