APPENDIX E
DEVELOPMENT OF RESEARCH RECOMMENDATION DATABASE
E.1 GENERATION OF GOAL LIQUEFACTION RESEARCH NEEDS
A preliminary list of research needs for each technology area was

generated by the panel during the first panel meeting. Additional

research recommendations were developed through the following sources:

] Technology overview reports and papetrs

o DOE coal liquefaction contractors' reports

el IEA/International trip reports

o Personal communications between panel members and other experts
o Technical presentations during site visits,

An updated list of research recommendations was prepared by SAIC
staff, disseminated, and passed to panel members during site wvisits.
Panel members reviewed the research needs list and provided additional

suggestions and ideas during the course of site visit discussions.



E.2 CATEGORIZATION AND DATABASE DEVELOPMENT

A comprehensive detailed list of research recommendations was
generated during this research needs assessment as a result of the site

visits and presentations made to the panel and the other activities

described above. This 1list contained recommendations which were both
general needs as well as specific projects. A number of the specific
projects overlapped one another or were redundant, etec. To make this

list of recommendations manageable, it was revised and categorized, and
six specific technology areas were defined so that smaller areas would
not be overlooked and lost compared to the more dominant technologies.
The six technology areas so defined are direct liquefaction,
coprocessing, bioliquefaction, pyrolysis, indirect Lliquefaction, and
direct conversion of methane. The recommendations for each area are

shown in a separate list.

The research recommendations for each technology were categorized
and put into a research breakdown structure and database. This breakdown
structure starts with the basic research types of Fundamental and
Applied. Each research type has a number of appropriate research
categories or general research needs. Specific research recommendations
are then listed within each general category as examples of specific
projects which can be carried out to fulfill the general research need.
The utility of this approach for DOE is that the general research needs
or categories can be used to define parts of an overall program while
specific recommendations embody specific ideas of work to be carried out.
Each general category is given a two-digit number for easy reference
within the database, and each specific recommendation has a three-digit

number.
As the result of this effort, a total 178 research recommendations

in 57 general categories were prepared in this manner to comprise the

database, which is shown in Table E-1.
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Table E-1.

RESEARCH BREAKDOWN STRUCTURE TECHNOLOGY AREA -- DIRECT LIBUEFACTION

Type

Category

1.0 FUNGAMENTAL

5t

09

)

03

07
0o

sldentifies « high-priority recomsendation.

1.1

1.2

1.3

1.4

Na.

1.2.1

112-2

1.2.3

1.2.4

1.4.1

t.4.2

1.4.3

f.4.4

Description of Research Need

Characterize coal structure, properties, and reactivity as applied to
direct liquefaction.

Study vays of separating coal macerals, and their chemical properties.
Develop a coal structure-reactivity model based on analytical angd
hehavioral phencmena.

Investigate the role of coal porosity in ligquefaction.

Determine role of mineral matter in initial reactions of coal.

Detersine the inherent limitations of eaceral liquefaction.

Classify ILS. coals according to liguefaction potential by correlating
liquefaction performance with coal structure, properties, and reactivity
and develop liquefaction database,

Identify the structures that are responsible for retrograde reactions
and study their reactivity and their kinetics.

Study preconversion chemistry of coal feedstock including pretreataent.
Study free-radical formation during heating of coal vith or without a
solvent,

Study the interaction of mineral matter and coal macerals as it pertains
to coal beneficiation.

Test pretreatasnts, such as lov-temperature catalytic pretreataent, to
enhance coal reactivity and othervise isprove the overal! process.

Study effects of handling procedures on cheaical and physical properties
y dnd reactivity of coal feedstocks.

Study application of coal cleaning the feedstock for liquefaction,

Study the chesistry and the aechanisas of coal dissolution.

Study the sulticomponent catalytic dissolution of coal.

Conduct aodel polyaer studies of liguefaction chesistry,

Investigate effect of solvent mediation in thersal and catalytic
processes.

Develop kinetic models of liquefaction based an coa) structure.

Develop intrinsic quantitative rate expressions for conversions of
individual components and enseables of components as a basis for under-
standing initial reaction paths during coal dissolution,

Explore the role of electron transfer and cxygen functional greups in
coal liquefaction,

Investigate the chemistry involved in the conversion of resid and
distillate.

Study relationship betveen chemical composition and reactivity of resids,
including reaction kinetics,

Conduct a quantitative investigation of the reactivities of various coal
liquids in catalytic hydroprocessing vith eaphasis on competitive
reactions and inhibition effects (high-pressure, high-tesperature
reaction networks, kinetics, modeling).

Conduct a quantitative investigation of the reactivities of asphaltenes
and compounds representative of asphaltene functional groups in
catalytic hydroprocessing.

Study product quality as a function of coaversion and reaction
conditions. ‘
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Table E-1. (Continued)

RESEARCH BREAKDOWN STRUCTURE TECHNOLOGY AREA -~ DIRECT LIGUEFACTION

Category

Type

1.5
1.6
1.7
.8

D1ix

D6

109

D12
1.10

tldentifies a high-priority recoamendation.

No.

1.5.1
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bescription of Research Need

Explore the use of navel conditions for coal dissolution.

Study the potential use of chemically directed seiective reactions
(non-thermal) for direct liguefaction.

Study the fundasentals of hydrogen-transfer chemistry.

Study in detail the hydrogen transfer mechanisa.

Investigate nev classes of hydregen-donor solvents.

Extract the process isplications of cospeting H-transfer reactions in
bond scission and formation.

Study the chemistry and the catalysis invelved in upgrading coal liquids.
Develop new catalysts/processes for upgrading coal liquids.

Evaluate asthods of refining coal liquids.

Investigate new and novel catalysts for direct liguefaction.

Develop nev catalysts for liquefaction (conventional setal on solids).
Investigate potential hosogeneous catalysts for liquefaction.

Develop methods for the recovery/recycle of catalysts {eaphasis on
dispersed).

Study soluble bifunctional hydrogenation/acid cracking) liquefaction
catalysts.

Study the fundasentals of catalysis in direct Liquefaction.

Deternine the effects of catalytic deactivation on the reactivities of
various coal liguids and sixtures in catalytic hydroprocessing.

Study the sechanise of catalytic hydrogenation and cracking functions to
establish their interaction and to deteraine the effects of thersal
reactions on these functions.

Determine vhy iran is catalytic for low-rank coals.

Study catalyst deactivation vith the objective of learning how to
reduce it or to saintain catalyst activity.

Study the effect of W25, added or generated in situ, on coal
liquefaction reactions.

Davelop in-situ instrusental methods to study catalyst-substrate
interactions.

Analyze coal liguids and determine their physical and chemical
characteristics.

Develop analytical procedures for characterizing and analyzing vesid.
Characterize liquefaction products in a chemically significant vay.
Conduct a detailed analytical comparison of products from diverse
liquefaction processes and contact times, including characterization of
liquid products and well-defined fractions in terss of compound classes
{functional groups)(NNR, N5, GC-MS...),

Develop new instrusental techniques for conversion analysis,

Develop espirical methods necessary for process monitoring that are
sisple, fast, and cheap and can vork in a plant environment.

Develop standardized method of reporting groduct quality and yields.
Develop aethods for meaningful characterization of coal resids related
to resid reactivity.

Develop methods to identify species and quantify B and § functional
qroups in coal and coal resids, '
Develop sethods to analyze for trace elements in liquefaction streass
and products.
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Table E-1. (Continued)

FESEARCH BREAKDOWN STRUCTURE TECHNOLOGY AREA -- DIRECT LIQUEFACTION

Category

t.1l

2.0 APPLIED
2.1

2.2

2.3

2.5
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2.6

2.7

tidentifies a high-priority recomsendation.

No.
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2.4.2
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7.1

Description of Research Need

Develop chemsosetric IR analysis for process monitoring and performance
prediction.

Study the fundasentals of liquid/solid separation.

Study the fundamentals of solids agglomeration as it pertains to
liquid/solids separation.

Conduct process research studies for further developaent of direct
liquefaction grocesses.

investigate vays of separating aromatic/aliphatic mistures.

Develop nev approaches to solubilize coal, building on nev information
on coal chemistry.

Develop lov-severity first-stage reactor for sulti-stage process.
Investigate novel vays of removing heteroatoss, particularly nitrogen.
Expand the study of using lover-rank coals as liquefaction feedstocks.
Study the use of coal mixtures as liquefaction feedstocks.

Study the etfects of using lover-ash coals as liguefaction feedstocks.
Conduct economic studies of direct liquefaction processes and products.
Assess values of coal liquids as finished products and evaluate their
upgradability,

Conduct periodic economic¢s studies both for vell-developed processes and
eaerging concepts.

Develop an economic-impact guidance tool.

Investigate vays of making higher-value products via coal liguefaction.
Develop materials, components, and instrumentation for direct
liquefaction processes.

Develop new on-line instrumentation for direct liquefaction processes.
Develop more reliable high-pressure coal slurry feed pusps,

Study the metallurgy of process equipment under liquefaction conditions.
Assess the environmental comsiderations of dirgct liguefaction processes,
Investigate environsental probleas such as toxicity of products and
disposal of mineral matter.

Prepare a comprehensive updated report on the carcinogenic properties of
cosl [iquids,

Conduct pilot-plant and scale-up studies for further developaent of
direct Iiguefaction processes.

Design, construct, and test a small-scale continuous-flov unit.

Operate large-scale pilot plant to test engineering concepts, including
POU-scale studies of effects of reaction paraseters {teaperature, H2
pressure, solvent quality, etc.), and to supply samples for other
restarch.

"avestigate alternative deashing methods, bottoms processing scheses,
and process configurations for possible developaent.

Foraulate nev catalysts for process studiec.

Develop improved physical characteristics for sbullation catalyst at
Wilsonville.

find nev applicctions for coal liquids.

Conduct research to build engines capable of cosbusting lov-H/C liquids.

E-5



Table E-1. (Continued)

TESEARCH EREAKDCWN STRUCTURE TECHNOLOGY AREA -- DIRECT LIQUEFACTION

Type
[ategory
No.
My L8
2.8.1
2.8.2
2.8.3
2.8.4

Description of Research Need

Investigate new gethods iad processes for producing and recovering
hydrogen.

Find new catalysts for low-temperature steam gasification of
carbonacecus aaterials.

Find catalysts for steas gasification of residual saterials for
groducing H2 and COZ2,

Investigate the aechanise of steam gasification catalysis,

Study the interaction of ash components and catalysts in catalytic
gasification.

tidentifies a high-priority recosmendation.



Table E-1. (Continued)

RESEARTH BREAXDONN STRUCTURE  TECHNGLOSY AREA -- MDIRECT LIGUEFACTICN

Type
Category
No. Description of Research Meed

A, NON-SYNTHESIS-SPECIFIC FUNDAMENTAL CATALYSIS RESEARCH
v 1.1 Analyze structure, raactivity, funciicn, role of supported organo-
metallic cospiexes to elucidate the mechanisas of heterogenecus (as well
i5 homogeneous) catalysts.

I 1.2 Develop novel :catalysi supports, co-precipitated catalyst precyrsors,
novel vays of surface doping, chemical vapor deposition, plasma doping,
and anaiyze catalyst structures.

B. SYNGAS TO HYDROCARBONS
1.0 FUNDAMENTAL
1.t Perform basic studies of F-T syntheses, including catalysis, and
reaction chesistry and mechanisas,

1.1.4 Characterize in-situ the surface of F-7 catalyst.
1.1.2 Study the liguid-phase F-7 synthesis using ultra-fine iron particles as
catalyst.
18 1.1.3 Investigate the carbon fora ieading to deactivation of F-T catalyst.
i9 1.1.4 In F-T ang relatad syntheses use probe molecules to understand and

sodify product composition. Analyze role of poisons and prosoters in
detersining product cosposition. Analyze the possibility of homogeneous
reactions occurring in F-T,

1.1.5 Study the reaction kinetics and eechanisas of F-T reactions inciuding
carbon chain growth, chain branching, and the forsation of paraffins,
olefins, aldehydes, or alcohols,

1.1.6 Measure the rate-determining step in F-T synthesis under comsercial
condi tions,

1.2 Study the fundaseatals of chesical reactor engineering as applied to F-7
syntheses.

f.2.1 Investigate the fundamentais af hydrodynaaics in 3-phase reactors.

2.0 APPLIED
2.1 Develop improved cataiysts for F-T syntheses.
2.1.1 laprove the stability of iron F-T catalysts.
2.1.2 laprove the specific activity of ruthenium catalyst for F-T.
2.1.3 Study the production of light olefins from synthesis gas catalyzed by
ruthenium on rare earth oxides,
2.2 Conduct process development studies for F-T processes.

2.2.1 Develop the fixed fluidized-bed and the slurry-phase reactor systess.

2.2.2 Conduct research leading to ismproved reactor design for 3-phase reactors
and scale-up.

2,2.3 Gtudy the oligomerization of lover olefins to octane enhancers and
distillate-range olefins by nickel-based homogeneous and supported
catalysts.

2.2.4 Investigate vays to get lower light-ends production with Co catalyst in

F-T.
2.3 Investigate maximizing middle distillate yield from syngas.
2.6 Siudy combining sequential slurry-phase F-T and I5M-5 catalysis to
maximize aromatics, isoparaffins, and olefins and to ainimize apthane
yield.

I5

tidentifies a high-priority recosaendation.



Table E-1. (Continued)

RESEARCY BREAKDJWN STRUCTURE  TECHMOLOGY AREA -- INDIRECT LIQUEFACTION

Type

Category

C. SYNGAS TO OXYGENATES
1.0 FUNDAMENTAL

1.1

7%
1!2
1.3

14
1.4

18

2.0 APPLIED
2.1

13

2.2

#ldentifies a high-priority recomsendation.

Description of Research Need

Characterize 7-T products and develap applications.

Develop diesel and jet fueis via F-T, aethanol-nitrate mixtures, and
other novel routes.

Conduct economic studies and assesseents,

Perforn cosputer sisulation studies of indirect liquefaction processes.
Detersine relative importance of catalyst life, activity, and product
selectivity on F-T economics.

Investigate coproduction of energy, freis, and chesicals.

Perfora basic studies of alcohol syntheses, including catalysis, and
reaction cheaistry and mechanisas.

Study the reaction kinetics and aiternative catalysts for methanol
syntheses.

Conduct 1solopic and sechanistic studies of methanol conversion.
Detersine cheaical reaction mechanises in methanol conversion to
gasoline and distillates.

Study the process of converting methanol to olefins.

Study the fundamentals of chemical reactor engineering as applied to
alcohel syntheses,

Investigate the fundasentals of hydrodynamics in 3-phase reactors.
Find nev paths to produce octane-enhancing ethers from syngas and its
oxygenated products,

Find catalyzed paths to produce octane-enhancing ethers frop alcohols.
Find high-teaperature (3200 C) catalysts for producing octane-emhancing
ethers from alcohols.

Find nev lov-teaperature catalysts for the vater pas shift reaction
vhich are more sulfur tolerant.

Develop sulfur-tolerant lov-tesperature vater gas shift catalysts.
Improve the activity of existing Cu-based shift catalysts by means of
chemical presoters,

Conduct process development studies for alcohol syntheses.

Develop the fixed fluidized-bed and the slurry-phase reactor systess.
Conduct research leading to improved reactor design for 3-phase reactors
and scale-up.

For the conversion of synthesis gas to C1-C5 alcohols, develop syntheses
vith high ethano! selectivity, ainimizing the hydrocarbons made,

Isprove the slurry-phase production of sethanol from syngas.

Study plant simpiification and integration of the MTG process (TIGAS).
Develop the fluidized-bed precess for producing clefins and aromatic
hydrocarbons from methanol.

Conduct econosic studies and assesssents of alcohol syntheses.

Perfors cosputer siaulation studies of alcohel synthesis processes.
Investigate coproduction of energy, fuels, and chesicals.
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Table E-1. (Continued)

PESEARCH BREAKDOWN STRUCTURE TECHNOLOGY AZEA -- ~YROLYSIS

Tyne
Category
No. Description of Researchn Need

1.0 FUNDAMENTAL
f.1 Characterize coal structure and reactivity as applied to pyrolysis.
P2t L.t Characterize coal functional groups and their relationship to pyrolysis
reactivity.
Study the sechanisas of oxidative weathering of coal.
Study the effects of oxidized components on pyrolysis reactions.
Correlate product properties with coal feedstock properties.
Deteraine coal devolatilization rates as a function of coal type.
Study the effects of inherently present inorganic constitueats on
product quality and quantity, and process conditions,
1.1.7 Study possible role of inherently present mineral matter or externally
added inorganics on the thermoplastic properties of coal,
1.2 Study the mechanisas and the kinetics of pyrolysis reactions,
P& £.2.1 Study the chemistry and the sechanisas of pyrolysis reactions to learn
vhere products coae from and Yo minimize unvanted secondary reactions.
1.2.2 Conduct systematic studies to learn: a) effects of particle size, b)
effects of surfaces on mature of secondary reactions, and ¢) roles of
free radicals,
1.2.3 Determine reaciion kinetics of pyrolysis by defining the tise and
tesperature history of coal particles,

— e e e
- - - » -
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P? 1.2.4 Define the chemistry and the sechanisas of stean-enhanced pyrolysis,
under both subcritical and supercritical conditions for steas.
P3 1.2.5 Coapare preducts and yieids of pyrolysis with and without reactive

atmospheres (C0, C02, H20, H2), to understand the roles of these gases
in the develatilization of coal.
1.2.6 Develop models to interpret ceoal devolatilization data.
1.3 Determine the effects of pretreating the coal feedstock.
Pa {.3.1 Study the effects of soisture in coal and physicochemical changes that
occur during drying or rewvetting of coal.
1.3.2 Study steas pretreatsent of coal, especially the effect on carbon
conversion and liquid yieids,
1.3.3 Study effects of feedstock comainution sethod on product properties and

yields.
1.3.4 Study effects of alkali addition to coal feedstock on reactions and
procasses,
Pt 1.4 Study the chesistry and the sechanises of catalytic hydropyrolysis.
1.3 Characterize the liquid products of pyrolysis processes and their
properties,
1.5.1 Characterize pyrolysis products for cleaned coais.
1.5.2 Investigate the combustion characteristics of pyrolysis liguids.
1.3.3 Define the potential toxicological and carcinogenicity problems with
pyrolysis liquids,
1.6 Characterize pyrolysis char and its properties.
1.6.1 Work on sethods for characterizing reactivity of char for cosbustion and
gasification.

1.6.2 Study the fundamental aspects of combustion of char and char-coal
sixtures (e.g., ignition flamsability, flame stability, and slagging
characteristics.

#ldentifies a high-priority recossendation. E—9



Table E-1. (Continued)

RESEARCH BREAKDOWN STRUCTURE TECHNOLDGY AREA -- ~YROLYSIS

Type

Category

2.0 APPLIED

2.1
PS5
2.2
2.3
P4
2.4
2.5

tldentifies a high-priority recommendation.

No.

1.6.3

1.6.4

2.3.3

2.4.1
2.4.2
2.4.3
2.4.4

2.5.1

Description of Research Need

lefine the relationship hetween tha gevolatilization conditions of the
coal and the reaciivify of the resulting char.

Study the slagging characteristics of char (and the nature of the
cerresponding coall.

Londuct process studies for further developsent of pyrolysis processes.
Investigate the separation of fine suspended solids from liguid products.
Study possible use of low-cost inorganic additives as scavengers for
sulfur or nitrogen,

Study staged catalytic hydropyroiysis.

Determine diskributions of hetercatoms/pollutants as a function of
process conditions and coal type.

ldentify factors controlling product selectivity.

Deternine effects of reactor design and make design isprovesents.
Assess early lov-tesperature pyrolysis processes vith a viev of
mitigating their negative attributes by varying process conditions.
Study the sensitivity of systea performance as a function of process
variabies.

Investigate novel pyrolysic processes.

Investigate the use of high-energy fields, such as corona discharge,
laser techniques, aicrovaves, to decompose heavier tar fractions,
activate H20 aolecules, etc.

Investigate radic frequency (RF) or microvave volumetric heating as a
potentially useful technigue.

Conduct economics studies of pyrolysis processes,

Conduct systeas znalysis of pyrolysis and hydropyrolysis coupled with
gasification/combustion.

Assess the sensitivity of process economics (e.q., to changes in the
prices of fuels or product cospositions).

Perfors a systems study on the transport, effluents, and handiing of
pyrolysis liquids, keeping 1n mind the potential for liberating
carcinogens inte the environment.

Conduct char utilization and upgrading studies.

Examine alternative uses of char, such as its cosbustion in fluigized-
hed cosbustors.

Investigate asthods and systess for handling hot fresh char.

Study hov to create sulti-phase, high-density fuels with micronized char.
Study the treatwent of char to resove hetercatoms and aineral aatter.
Develop sethods for upgrading pyrelysis liquids into useful products.
Develop lov-cost novel poison- and coke-resistant catalyst systeas for
reducing N and § compounds in coal liquids,
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Table E-1. (Continued)

FESEARCH BREAKDOWN STRUCTURE TECHNOLOGY AREA -- COPROTESSING

Type
Lategory

1.0 FUNDAMENTAL

N E |

1.3

2;0 APPLIED

2.1

2 212

2.2

tldentifies a high-priority recossendation,

No.

1.2.1

3.1

Description of Research Need

Study the fundamental chemistry of coal/oil reactions for COprocessing.
Study the interaction of alicyclic petroleus-type solecules and
coal-type compounds,

Study the fundasentals of hydrogen-donor chemistry in coprocessing,
Study the effects of hydregen donors in coprocessing.

Develop methods for analyzing coprocessing products.

Develop analytical sethods to deteraine the contribution of coal/eil
to coprocessing products,

Investigate scaie-up methods for coal/oil coprocesses,

Investigate scale-up procedures, probleas, and opportunities for
combining coal vith non-coai-derived heavy organic solvents.

Conduct process studies to develop coprocessing.

Study the effects of different feeds on reactivity and product quality.
Study the influence of residua and coal composition.

Develop coprocessing catalysts.

Optimize the catalyst used for coprocessing.
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Table E-1. (Continued)

RESEARCH BREAKDEWN STRUCTURE TECHNOLDGY AREA -- BIDLIBUEFACTION

Type
Area
No.
2.0 APPLIED
Bir 2.1
1.1
2.1.2
2.1.3
2.2
2.2.1
.2
2.3

Description of Research Meed

Identify useful aicrooganisas and enzyse systeas,

Identify nonagueous enzywe systess to degrade three-dimensional
structure {by enhancing selubility and sweiling}.

Identify optimal organisms for hicconversion of syngas to ethanel,
Investigate potential of microorganises and biomaterials to decospese
nitragen and sulfur compounds and to clean (pyrolysis) liquid products.
Conduct process studies to develop bioreacior systems.

Develop design of bioreactors to handle solids as feeds.

2 {ptimize reactor design for mass transfer, heat removal, and product

preparation.
Conduct assessaent and economic studies of hioprocesses.
Develop reactor and total systes design for economic optiaization.

E-12
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Table E-1. (Continued)

RESEARCH BREAKDOWN STRUCTURE  SIRECT CONVERSION OF METHANE

Type
Cateqory

1,0 FUNDAMENTAL
1.1

1.2

2.0 APPLIED
2.1

2.2

Na.
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1.2.2

1.2.3

1.2.4

1.2.3

2,21

2.2.2

Description of Research Need

Study the reaction chemisiry, sechanisas, and catalysis of the partial
oxidation of aethane to H2/C0G, {2+ hydrocarbons, sethanol, and
formaldehyde vith eaphasis on novel approaches to achieve high
selectivity.

Study the exidation of methane {o heteropoly oxometalates.

Investigate nev lov~teaperature routes {o direct conversion of methane
to oxygenates.

Study the reaction cheaistry, sechanise, and catalysis for the synthesis
of ethylene via the catalytic oxidative coupling of sethane vith
eaphasis on approachas to achieve high selectivity.

Study the exidative coupling of aethane over promoted sagnesium oxide
catalyst.

Study the conversion reactions of sethanol and methane over zeolites and
alusinophosphates (ALPDs).

Investigate prosoted oxidative coupling of sethane (including halogen-
proacted),

Study the oligomerization of lower olefins to octane enhancers and
distillate-range olefins by nickel-based homogeneous and supported
catalysts,

Investigate nev lov-tesperature routes to direct conversion of methane
to C2+ hydrocarbons.

Conduct process developaent studies to develop oxidative coupling
processes.

Conduct RED on fluidized-bed process for oxidative coupling of methane,
including high-density fluid beds,

Assess the enpgineering aspects of alternative routes for the conversion
of natural gas.

Eviluate materials of construction to minimize halogen corrosion in
direct conversien of sethane.

Conduct economic studies to assess processes for the direct conversion
of methane.

Perfors computer process simylation studies of direct conversion
processes.,

Investigate coproduction of energy, fuels, and chemicais.
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