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GENERAL

GOVERNMENT

U.S. DEPARTMENT OF ENERGY PROPOSES

TECHNOLOGY OPTIONS TO REDUCE C02

In 1995 human activities in the United States

resulted in CO2 emissions totaling about

1,440 million metric tons of carbon (MtC). Hu

man activity-related (anthropogenic) emissions

of other greenhouse gases (GHG), such as

methane and nitrous oxide, represented the

equivalent of another 220 MtC. Nearly all of the

anthropogenic GHG emissions, about

1 ,500 MtC, resulted from energy production and

use, primarily the combustion of fossil fuels.

The energy sector represents about 90 percent

of US GHG emissions. These data make it

clear that significant reductions in GHG emis

sions can be accomplished only through

changes in energy economy, i.e. more effective

production, distribution and use of energy.

A new US Department of Energy (DOE) study,
titled "Technology Options to Reduce Green

house Gas
Emissions,"

outlines 50 technology

pathways that could reduce greenhouse gas

emissions. These technology pathways address

three areas: energy efficiency, clean energy,

and carbon sequestration (see Table 1).

Energy Efficiency

Improving the efficiency of energy use in the US

by developing advanced technologies can offer

immediate and significant carbon reductions.

Incremental and breakthrough technologies hold

the promise of buildings that consume half the

energy of current new construction, industries

(such as forest products) that can meet all of

their energy needs internally, cars that offer

three times the fuel economy of current vehi

cles, and farms that are more productive and

enable greater carbon fixation while using less

energy. Many technological opportunities exist

for improving the efficiency of the U.S. econ

omy.

Clean Energy

The development and use of advanced energy

production technologies has a large potential for

reducing GHG emissions without increasing en

ergy costs. Technological approaches include

using fuels with lower or zero carbon content;

increasing the useful energy output per unit of

carbon emitted; and capturing carbon emissions

to prevent their entry into the atmosphere. With

successful development, these advanced tech

nologies generally have the potential to reduce

carbon emissions by 25 to 50 percent or more in

the time-frame beyond 2020. Their potential for

carbon emission reductions by 2010 is consid

erably more limited because of stock turnover

rates in energy production.

Fossil resource development and fossil power

generation technologies are described in further

detail below.

Fossil Resource Development

Because of the desire to reduce C02 emissions

per unit of energy expended, fossil fuels con

taining a lower carbon/hydrogen ratio need to be

developed. Therefore, any major clean fossil-

fuel-based alternative energy plan must center

on enhanced production of natural gas, the effi

cient conversion of abundant fossil feedstocks

into electricity, clean transportation fuels and

chemical feedstocks whose impact would be to

reduce net C02 emissions compared to current

sources for these commodities.

For example, the cost-effective conversion of

natural gas to clean transportation fuels and

commodity chemicals offers a significant poten

tial for GHG emissions reduction while allowing

greater use of domestic natural gas supplies.

Breakthrough technologies under development

include deriving diesel fuel from natural gas

which far exceeds conventional diesel fuels in

emission reductions, converting natural gas or

synthesis gas to methanol or gasoline, and liq
uefying natural gas in remote areas.
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TABLE 1

TECHNOLOGY PATHWAYS

Technological Araa

Energy Efficiency
Buildings

Industry

Transportation

Agriculture and Forestry

Clean Energy
Fossil Resource Development

Fossil Power Generation

Nuclear

Renewable Energy

Carbon Sequestration and

Management

Technology Pathways

Equipment and appliances

Building envelope

Intelligent building systems

Energy conversion and utilization

Resource recovery and utilization

Industrial process efficiency

Enabling technologies

Advanced conventional vehicles

Freight vehicles

Hybrid, electric and fuel cell vehicles

Alternative fuel vehicles

Air and high-speed ground transport

Conversion of biomass to byproducts

Advanced agricultural systems

Plant/crop engineering

Energy efficiency for crude oil refining
Natural gas to liquids

Increased natural gas production

Coproduction with integrated gasification combined cycle

CO2 for improved oil and gas recovery

Accelerated development of high-efficiency coal-based power generation

technologies

Low-carbon fuels and high-efficiency power generation

Ultra-high efficiency, zero-carbon emission energyptexes

Lifetime extension and generation optimization

Next-generation fission reactors

Fusion power

Biomass electric

Wind energy

Advanced hydropower

Solar photovoltaics

Geothermal energy

Solar thermal electric and buildings

Biomass transportation fuels

Solar advanced photoconversion

Augmented ocean fertilization to promote additional CO2 sequestration

Advanced chemical and biological conversion and sequestration

Terrestrial storage of CO2

Carbon sequestration in soils

Elemental carbon sequestration

Ocean storage
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To make full use of abundant supplies of low-

cost solid fuels, such as coal, petroleum coke,

biomass and municipal wastes, the integrated

gasification combined cycle (IGCC) process

represents a unique combination of technologies

that offers industry low-cost, highly efficient op
tions for meeting a variety of market require

ments. In combination with synthesis gas con

version technologies, it is the only advanced

power generation technology that is capable of

coproducing a wide variety of commodity and

premium products in addition to power to meet

future market requirements.

While natural gas is expected to capture an in

creasing share of the new market for fossil fuels

during the next decade, the 2010 to 2020 time

frame should usher in a significantly larger po

tential for natural gas and for more highly effi

cient coal-based IGCC technologies. If re

search efforts were well funded and successful,

breakthrough developments in catalysts, simu

lations, membrane separations, and overall gas-

to-liquids conversion (including IGCC-based)

technology would be pilot-scale tested by 2010.

Allowing for further improvements and scale-up

to commercial size plants, a major impact could

be expected by 2020.

The US Energy Information Administration pre

dicts that, barring significant technology devel

opments or policy changes, carbon emissions

from coal will rise from 460 to 550 MtC between

1995 and 2015, while carbon emissions from

natural gas for power generation will rise from

50 to 125 MtC during that period. To reduce

this projected increase in carbon emissions,

several approaches are being studied.

By 2020, introduction of high-efficiency coal-

based technologies could significantly reduce

carbon emissions. By 2050, total carbon emis

sions could be below those produced from the

electricity sector in 1990 (a reduction of about

210 MtC per year).

The high-efficiency coal-based pathway in

creases power generation cycle efficiency by

combining two or more advanced energy con

version cycles. Ideas being developed include

low-emission boiler systems, pressurized fluid

ized bed combustion, IGCC, and high-efficiency

power systems.

Low- or no-carbon fuels such as natural gas,

synthesis gas or hydrogen used in the tech

nologies being proposed for accelerated devel

opment in this initiative could lead to a signifi

cant reduction of carbon emissions after 2020.

Fuel cells and gas turbines are currently in use,

taking advantage of plentiful supplies of natural

gas.

These two pathways, high-efficiency coal and

low-carbon fuels, converge in a third group of

technologies that integrates production of

power, fuels, and/or chemicals, maximizing use

of available energy. Unlike the first 2 pathways,

which focus on electricity generation, this path

way strives to optimize the entire cycle of car

bon utilization by incorporating coprocessing

concepts and the tenets of industrial ecology.

Such processes would have essentially zero

carbon emissions and could result in 100 per

cent reduction of carbon after 2030.

For the high-efficiency coal-based pathway,

about $70 million per year is currently being
spent on DOE programs. For the low-carbon

fuel pathway (fuel cells and advanced turbines),
about $90 million per year is currently being
spent.

Carbon Sequestration and Management

Carbon sequestration involves the reduction of

net carbon emissions by capturing and seques

tering C02 after combustion, decarbonizing fuel

before combustion, or increasing the absorption
of C02 from the atmosphere. These ap
proaches are required for the continued use of

fossil fuels as energy sources with reduced im

pacts on concentrations of atmospheric C02.

For both approaches, there are a number of

technological options, ranging from storage of

C02 in the ocean or in geologic formations to

chemical or biological stimulation of the absorp
tion of C02 from the atmosphere. The devel

opmental status of the carbon sequestration

technologies varies widely. For example, the

injection of C02 into oil wells or coal seams to

enhance oil or methane production is a com-

THE SYNTHETIC FUELS REPORT. JULY 1998



 



GENERAL

mercial practice today, whereas the soil bio

chemistry is not yet adequate to identify the

most promising means for increasing soil uptake

of atmospheric C02. It is generally believed

that net carbon emission reductions from carbon

sequestration could be very high in the time

frame ofthe late 2030s and beyond.

Conclusions

According to DOE, by 2030 a vigorous research,
development and demonstration (RD&D) pro

gram could deliver a wide array of cost-effective

technologies that together could reduce the na

tion's carbon emissions by 400 to 800 MtC per

year. To make effective progress against real

istic goals and expectations, an outlay of ap

proximately $1 billion per year above what is

presently dedicated to these efforts would be a

prudent investment of resources. DOE believes

that many technological opportunities exist that

could significantly contribute to this goal without

harming the nation's economy. A strategic plan

that includes deployment policies to comple

ment technology RD&D will be necessary for

success. Plans will need to be formulated that

reflect both the economic and technological im

plications of deploying these technologies.

Hence, development of a climate change tech

nology strategy is the recommended next step.

The development process should include review

of technology policy options to complement

technology development options, and a detailed

plan for supporting implementation which ad

dresses technology goals. RD&D program

plans, policies that support deployment, and

fiscal resources. According to DOE, the imple

mentation of a technology strategy to reduce

greenhouse gas emissions will serve as an in

vestment insurance policy. It should reduce the

threat of climate change from fossil fuel use and

provide acceptable technologies that produce

savings and revenues that would far exceed the

cost of an accelerated research program.

ENERGY POLICY AND FORECASTS

IPAA FORECASTS U.S. ENERGY GROWTH

THROUGH 2010

The Independent Petroleum Association of

America (IPAA) has updated its forecast of

United States (US) energy trends from 1997 to

2010. The group's latest forecasts were sum

marized in Hydrocarbon Processing, June 1998,

pages 29, 31 .

Total US natural gas demand is ex

pected to continue increasing steadily

throughout the rest of the decade,

reaching 23 trillion cubic feet (tcf) by
2000. The annual growth rate should

average 1.5 percent from 1997 to 2000.

From 2000 to 2010, natural gas demand

will grow 1 .7 percent to reach 24.7 tcf.

US natural gas production is forecast to

continue increasing at an average an

nual rate of 1.5 percent through 2000

and continue at a 1.4 percent increase

through 2010. Total gas output should

hit 19.8 tcf by 2000, and 22.7 tcf by
2010.

Total gas imports, mainly from Canada,
are expected to rise to 3.5 tcf by 2000,

up from 2.9 tcf in 1997. Imports, in

2010, will account for over 16 percent of

gas demand, or 4.4 tcf.

US oil demand should continue rising by
about 1.6 percent per year during the

1990s, due to strong economic condi

tions and despite conservation meas

ures. It will reach 20.4 million barrels per

day (MMbpd) by 2000, and 23.6 MMbpd

by 2010.
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Electricity usage is predicted to grow

faster than energy consumption in gen

eral as electrical processes penetrate

work places and homes, according to

IPAA. An increasing share of electricity
will be generated by independent power

producers and delivered through more

competitive transmission markets. The

changing market will tend to favor elec

tricity generated by natural gas as com

pared to coal, oil or nuclear. Between

1997 and 2010, an additional 2.2 tcf of

gas is projected to be required to gener

ate electricity, bringing the total to

5.1 tcf.

Motor gasoline consumption should grow

at a slower rate than other products as a

result of Corporate Average Fuel Econ

omy (CAFE) requirements, which offset

gains in miles traveled per vehicle and

fleet and vehicle size.

At today's prices, natural gas coupled

with a modem combustion turbine is the

economic choice for IPP. Natural gas

has an added environmental advantage

relative to NOx, S02 and C02 emissions.

Oil and gas companies are experienced

purchasers of natural gas on the open

market and may even have access to

their own supply or to refinery gas from

process units.

IPPs can be built at existing refineries at

a lower cost than at greenfield sites.

Additional advantages may also be de

rived from a shorter permitting cycle due

to availability of baseline environmental

data and the possibility of trading "off
sets."

Byproduct steam from large IPP facilities

will meet the refinery's need with plenty

of redundancy and permit the phasing-

out of separately fired steam generators

or older cogeneration plants.

ECONOMICS

ELECTRICITY DEREGULATION MAY OFFER

NEW MARKETS FOR FUEL PROVIDERS

Financing of merchant plants may re

quire an equity investment approaching

25 to 40 percent of the total capital

structure. That level contrasts with an

equity component of only 15 to 20 per

cent in a typical IPP deal.

The deregulation of the U.S. power market has

created new opportunities for Independent

Power Producers (IPPs). H. Somerville of Fos

terWheeler Power Systems Inc. discussed how

refiners can now play a role as IPPs at the 1998

National Petroleum Refiners Association Annual

Meeting held in San Francisco, California, in

March.

Advantages of Refinery-Based IPPs in a

Deregulated Market

The most obvious advantage for an oil and gas

company is access to a wide range of fuels in

sufficient quantity and at competitive prices,

says Somerville. There are several other ad

vantages:

A refinery-based merchant power plant

sized to meet external steam require

ments, and burning purchased fuel, will

produce power 20 percent cheaper than

a stand-alone plant.

IPPs Based on Refinery Residues

Technology now exists to generate electricity in

an environmentally sound manner from any re

finery residual byproduct. As the value of high-

sulfur bottom-of-the-barrel products decreases

on the open market, and in some cases be

comes negative, residues will be the fuel of

choice for refinery-based IPP facilities. Besides

conventional heavy fuel oil-fired steam power

plants, circulating fluidized bed (CFB) combus-
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tion and integrated gasification combined cycle

are two promising technologies.

In the U.S., refinery-based IPPs burning residual

byproducts will have to compete with new gas-

fired combined cycle plants for power sales. To

assess the relative cost effectiveness, a

385 megawatt (MW) refinery-based CFB plant

was compared to a 239 MW gas turbine com

bined cycle (GTCC) plant. After adjusting for

refinery energy consumption and house load,
both plants have 230 MW available for sale as

merchant power.

A natural gas price of $3.40 per million BTU

(MMBTU) equates to a residue value of

$0.42/MMBTU. As residue prices decrease and

become negative in some locations, power

costs can reach $0.027/MMBTU or lower. The

price of natural gas would have to fall below

$1 .65/MMBTU to achieve this electric sale price

using a GTCC configuration in a greenfield

plant.

Conclusions

Somerville concludes that refinery-based IPP

plants have an advantage over greenfield plants

in all size ranges and with all fuels. In addition

to providing economical power, refinery-based

plants:

Increase refinery efficiency

Increase revenue and profit

Provide a means to dispose of residuals

In summary, refiners already possess the plant

and the experience necessary to become a
low-

cost producer in a deregulated electric power

industry.

TECHNOLOGY

BIMETALLIC CATALYSTS INCREASE

SELECTIVITY IN F-T REACTION

Fischer-Tropsch (F-T) synthesis can convert

coal or natural gas-derived synthesis gas (CO +

H2) to liquid fuels and high-value chemicals.

Catalysts are typically based on group VIII met

als Fe, Co, Ni and Ru with Fe and Co being
the most popular. However, the product distri

bution over these catalysts is nonselective.

The key to improving the economics of F-T

Synthesis is increasing the selectivity to desired

products such as diesel and high-octane gaso

line. Bifunctional catalysts composed of a sin

gle F-T active metal and a zeolite have been

the focus of attention for 20 years in order to

overcome the nonselective product distribution

and produce high-octane gasoline-range hydro

carbons.

K. Jothimurugesan of Hampton University,

Hampton, Virginia, and S. Gangwal of Research

Triangle Institute, North Carolina, investigated

the performance of bimetallic F-T catalysts sup
ported on Ti02 containing two metals selected

from Fe, Ni and Co, combined with the zeolite

HZSM-5. Their results were published in Indus

trial and Engineering Chemistry Research, Vol
ume 37, Number 4, pages 1181-1188.

The temperature-programmed reaction profiles

are shown in Figure 1 . The Ni and Fe catalysts

exhibited one peak each at 570 and 630C,
whereas the cobalt catalyst showed that its re

duction on titania support occurred in two

stages. The temperature-programmed reaction

profile contained a small peak at 430C and a

strong peak at 550C. All bimetallic catalysts

exhibited two peaks, Co-Ni at 360 and 530C,
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FIGURE 1

TPR PROFILES OF VARIOUS F-T CATALYSTS

S%F*-5%C9/Tt02

5% F*-5% mVOz

5% Co-5% NVTiC?

100

SOURCE: JOTHIMURUGESANANDGANGWAL

300 400

Temperature (*C)

700

Fe-Ni at 500 and 580C, and Fe-Co at 480 and

630C.

The bimetallic catalysts consume more H2 than

what would be indicated by the data of the

monometallic catalysts. This suggests that the

bimetallics were reduced to a greater extent.

Also the temperature-programmed reaction pro

file peaks for the bimetallic catalysts, particu

larly the Co-Ni catalyst, are shifted toward lower

temperature. The results indicate that the

bimetallic catalysts, particularly the Co-Ni cata

lyst, are easier to reduce compared to the

monometallic catalysts.

The temperature-programmed desorption re

sults indicate that H2 adsorption is enhanced for

the bimetallic catalysts, particularly the Co-Ni

catalyst. Also, CO adsorption is weakest for this

catalyst. The amount of H2 and CO adsorbed

on all the catalysts is high, indicating high dis

persion of the metals.

CO conversion by Ti02-supported Co-Ni cata

lysts was higher than that by a single Co or Ni

catalyst. The maximum CO conversion of

about 45 percent was achieved at a metal com

position of 5 percent Co-5 percent Ni (i.e.,
50:50). Alloying Co with Ni therefore leads to a

high activity for CO hydrogenation. The selec

tivity to Ci (CH4) is constant, up to 7 percent Ni

when combined with Co. As expected, the

methane selectivity of a Ni-only catalyst is much
higher. The selectivities to C2 exhibit slight in

creases with an increase in nickel content. The

selectivities to C3 exhibit almost no variation.

C4 and C5+ selectivities slightly decrease with

an increase in Ni content. Methanation was

dominant on the 10 percent Ni catalyst and

caused lower C5+ yield. Alloying Co with Ni

therefore enhanced the activities for CO hydro

genation and lowered the methane yield.

Because 5 percent Co-5 percent Ni catalyst

composition showed the maximum catalyst ac

tivity as a function of Co-to-Ni ratio, it was com

pared with 5 percent Fe-5 percent Ni, 5 percent

Fe-5 percent Co, and single Co, Ni and Fe

catalysts. CO conversion over Co, Ni and Fe is

greatly enhanced by their mixing. The CO con

version over the Co-Ni bimetallic catalyst is five

times greater than that of the single-metal cata

lyst of Co, Ni or Fe. Both single Fe and Ni

catalysts mainly produced methane. Alloying
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Fe, Co and Ni enhanced the activities for CO

hydrogenation, lowered the methanation activ

ity, and increased the C5+ hydrocarbons.

The enhancement of activity of the mixed-metal

catalysts appears to be correlated with the in

crease in hydrogen uptake. The enhancement

of H2 adsorption indicates greater metal disper

sion in the bimetallic catalysts, leading to higher
activity.

The authors conclude that by combining the ef

fects of alloying the group VIII metals and a

zeolite such as HZSM-5, it might be possible to

tailor the selectivity of F-T synthesis products.

MODEL ASSESSES ROLE OF ALKALI

PROMOTION IN F-T SYNTHESIS

Fischer-Tropsch (F-T) synthesis of hydrocar

bons from coal has been known since the late

1920s. The F-T synthesis is a polymerization

reaction which produces various oligomers

regularly distributed along the carbon number

range. It is known that when group VINA metals

are promoted with oxides of group IA metals

especially Na, K or Cs the product distribution

reaction rates drop, the olefin-to-paraffin ratios

increase, the CO consumption increases, and

C02 production and CO dissociation rates in

crease.

The role of these alkali promoters in F-T syn

thesis was discussed by D. Uner of the Middle

East Technical University (METU), Ankara, Tur

key, in Industrial and Engineering Chemistry

Research, Volume 37, pages 2239-2245. The

following mechanisms have been postulated in

the literature:

Site-blocking effects

Through the metal electronic interactions

Through the space electronic interactions

(e.g., electrostatic)

Direct chemical interactions

Alkali-induced surface reconstructions

Researchers at METU have proposed that the

alkali promoters restrict the adsorp-

tion/desorption mobility of hydrogen on Ru/Si02

catalysts.

To examine the effects of a decreased hydro

gen mobility on the F-T synthesis rates and

product distributions, a model initially postulated

by Kellner and Bell in 1981 was modified for

surface oxygen removal steps and proper ana

lytical expressions were derived. The effect of

alkali promoters on synthesis is examined by

only changing the equilibrium constant for the

hydrogen adsorption step. Based on the model

results, one can qualitatively conclude that a

decrease in the adsorption equilibrium constant

(pre-exponential) of hydrogen results in a de

crease in the methane formation rates consis

tent with the experimental findings. Further

more, one can qualitatively conclude that the

CO consumption rates decrease as a function of

decreasing hydrogen adsorption rates.

Studies on TiOx-promoted Ru catalysts eluci

dated that the rate constant for chain propaga

tion is unaffected when TiOx was used as a

promoter. However, the overall chain termina

tion rate constant decreased as a function of

decreasing vacant site concentration and hydro

gen coverage upon promotion. From the de

pendency of overall chain termination rate con

stant on surface TiOx concentration, one can

conclude that the rate constants for chain termi

nation for paraffins and for olefins are not influ

enced by TiOx promoters. Since TiOx and al

kali-metal oxides have similar promotional ef

fects on synthesis reaction, one can extend this

conclusion toward alkali-promoted systems as

well, says Uner.

The effect of adsorption equilibrium constant of

hydrogen over the chain growth probability was

determined for a limiting case when the rate

constant of olefin formation and the rate of C02
formation were small in comparison to the rate

constant of paraffin formation and the rate of
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H20 formation, respectively. The results show

that as the adsorption equilibrium constant of

hydrogen decreased, the chain growth probabil

ity increased, consistent with the experimental

data found in the literature. The correlation

between the chain growth probabilities and ole-

fin/paraffin ratios estimated from the model and

the experimental values are in good agreement.

Thus, Uner concludes that restricted hydrogen

mobility as a mechanism of alkali promotion,

which neither changes the mechanism nor the

activation energy, is semiquantitative^ justified.

All of the effects of alkali promoters that were

previously observed experimentally, that is, de

creased methane formation rates, increased

chain growth probabilities, and increased ole-

fin/paraffin ratios, are quantitatively in agree

ment with a restricted hydrogen mobility

mechanism of promotion.

CARBON CATALYSTS UPGRADE LIQUID

BIO-FUELS

Biomass feedstocks consist of solid ligno-

cellulosic materials, which are difficult to ma

nipulate and have low energy density. To con

centrate the energy content and to allow their

utilization in existing structures, pyrolytic proc

esses are used to transform biomass into more

valuable products. Gases, liquids and charcoals

can be obtained in various proportions depend

ing on the operational conditions.

Liquids, generally called bio-oils, offer advan

tages in transport, storage, handling and flexi

bility in use. In addition, they have a much

higher energy density than the starting biomass.

However, bio-oils rarely meet the standards re

quired for fuels. They are viscous, not com

pletely volatile and they do not mix with fossil

fuels. In addition, they are thermally unstable

and tend to polymerize with time, temperature

and light. These unwanted characteristics are

related to the high oxygen content (up to

47 weight percent) and undissolved water (15 to

30 weight percent).

Thus, to be used as fuels, bio-oils must be proc

essed to remove oxygen and consequently to

increase the hydrogen to carbon (H/C) ratio.

One of the possible methods to improve bio-oils

quality is catalytic hydrotreatment, more pre

cisely hydrodeoxygenation (HDO) performed at

high temperature and under hydrogen pressure.

The upgrading of bio-fuels by HDO was dis

cussed by M. Ferrari et al. of the University

Catholique de Louvain at the
215th

National

Meeting of the American Chemical Society held

in Dallas, Texas, in March.

HDO chemical reactions are similar to those

typical of hydrodesulfurization (HDS) and hy-

drodeazotation (HDN); the heteroatoms elimi

nation leads to the formation of H20 (HDO), FfeS

(HDS) and NH3 (HDN), respectively.

The different reactivity of the oxygenated

groups contained in bio-oils requires that hydro-

treatment be performed in two stages. First, a

stabilization stage is carried out at low tem

peratures (between 200 and 300C) to eliminate

the more reactive molecules (aldehydes, ke-

tons, esters, carboxylic acids, olefins and guai-

acil type molecules); second, the conversion of

all the remaining products (phenol and furanes)
is performed at higher temperatures. This last

step leads to a hydrocarbon-containing product

which is similar to the one derived from petro

leum.

Ferrari et al. evaluated two cobalt molybdenum

catalysts supported on alumina and activated

carbon, C0M0/Y-AI2O3 and C0M0/C, respec

tively, to evaluate the potential of carbon com

pared to alumina.

The catalytic tests were performed in a batch

reactor at 280C and at a hydrogen pressure of

70 bar.

In the first series of experiments, the feed con

sisted of a mixture of 4-methyl acetophenone

(MA), diethylsebacate (DES) and guaiacol

(GUA) dissolved in hexadecane. In the second

series of experiments, simple solutions of GUA,
cathecol (hydroxyphenol), methylanisol and

phenol were tested.

THE SYNTHETIC FUELS REPORT. JULY 1998



 



GENERAL

For the hydrodeoxygenation of the carbonyl

group of MA, it is observed that C0M0/Y-AI2O3 is

more active than C0M0/C, while the alumina

support alone has a very low activity. Con

cerning the conversion of the carboxylic ester

group, the differences in activity are less

marked especially between C0M0/Y-AI2O3 and
C0M0/C. For the conversion of GUA, the

C0M0/Y-AI2O3 catalyst has an activity 3.5 to

4.7 times higher than alumina and C0M0/C, re

spectively.

As far as the molar balance is concerned, the

compounds containing carbonyl and carboxylic

groups (MA and DES) do not show any impor

tant default, neither on C0M0/Y-AI2O3 nor on

C0M0/C. In the case of GUA, the molar bal

ance deeply differs for the two catalysts, as

shown in Figure 1 .

A large default is observed with CoMo/Y-AI203
while for C0M0/C the theoretical value is always

reached. The impossibility to close the balance

can be attributed to the formation of heavy

products. Comparing the coke formation ten

dency of one and two-oxygen-containing struc

tures, the latter give the highest carbon content

after catalytic tests. Thus, coke would result

from the condensation of guaiacol itself and of

cathecol. On the other hand, the compounds

with one oxygen structure (phenol and methy-

lanisol) produce a lower content of coke. The

conversion of guaiacol in these experiments can

be attributed, for the most part, to alumina and

is related to the acidity of the support.

Considering the different product selectivity ob

tained with C0M0/Y-AI2O3 and with C0M0/C,

and the different kinetic behavior for the two

catalysts, Ferrari et al. deduced that a parallel

reaction path leading to the direct formation of

phenol from cathecol can exist and that it is

much more important on carbon supported

catalysts.

FIGURE 1

MOLAR BALANCES FOR GUA CONVERSION OVER CoMo/v-AI203 AND C0M0/C
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Conclusions

According to the authors, the results of this

study guide the research for an optimum cata

lytic system dedicated to the hydrotreating of

bio-oils. Because guaiacol and cathecol are

harmful to the stability of bio-oils and to the

catalyst during hydrotreating, it is desired that

they are eliminated at low temperatures and

with reduced coke formation. This requires a

less active support, and the utilization of acti

vated carbon is a promising option. Moreover,
carbon has several other attributes which make

it attractive as a support for hydrotreating cata

lysts including cost, high surface area and the

possibility of recovering the active metals from

spent catalysts by burning off the carbon.

STUDY FAVORS DME OVER NATURAL GAS

AND METHANOL

In recent years, oxygenated synthetic fuels and

fuel additives have gained importance. Many of
these substances are ethers. In general, ethers

have the advantage of short molecular chains,

contain oxygen and are relatively friendly to the

environment. They are made from synthesis

gas which can be produced from both fossil and

renewable raw materials.

DiMethyl Ether (DME) is currently considered

one of the best options for use as alternative

fuel for vehicles.

H. Ofner, of AVL List GmbH, Graz, Austria, et

al. summarized the resources, production, dis

tribution and use of DME, and compared DME

with other oxygenated synthetic fuels from both

a technical and environmental view point at the

Society of Automotive Engineers International

Congress held in Detroit, Michigan, in February.

DME has been most comprehensively proposed

as a pure Compression Ignition (CI) fuel. Within

the last 3 years its excellent applicability as fuel

has been demonstrated. Almost simultane

ously, the fuel industry also has developed a

cost-effective production process and has

started to promote its large-scale use.

Engine Performance and Emission Data

Direct injection of DME into the combustion

chamber of a diesel engine has shown itself to

be especially advantageous from both perform

ance and emissions points of view. The fact

that no carbon-to-carbon bonds exist and the

presence of oxygen in the fuel cause it to bum

without forming soot. The only particulates

which are emitted come from the engine oil and

are well below legal limits with a mechanically

sound engine. Thus, one of the traditional dis

advantages of the diesel engine has been elimi

nated and performance optimization can con

centrate on such parameter tradeoffs as

NOx/BSFC (Brake Specific Fuel Consumption)
and NOy/noise.

When optimizing engine performance, fuel

economy is of great importance. The reduction

of NOx emissions by timing retardation often

leads to a deterioration in combustion quality as

the combustion occurs increasingly late in the

engine cycle. As a consequence, engine effi

ciency suffers. The reduction of NOx from

EURO II levels to the proposed EURO III levels

by means of timing retardation is estimated to

cause a deterioration of efficiency of about 5

percent. Particulates increase slightly in this

case.

Tests carried out at AVL early in the assessment

program on DME indicated that the efficiencies

and emissions levels given in Table 1 are

achieved without additional use of exhaust gas

recirculation or exhaust gas after-treatment.

The DME data are compared to fully optimized

engines running on compressed natural gas

(CNG), liquefied petroleum gas (LPG) and

methanol. EURO II diesel engine emissions

and proposed EURO III legislation limits are

also shown in Table 1 .

Ecological Assessment of DME as Fuel for

Heavy-DutyVehicles

The SPI (Sustainable Process Index) concept

was used to assess and compare the environ-
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TABLE 1

EXHAUST GAS EMISSIONS AND EFFICIENCIES OF

ENGINES RUNNING ON DIFFERENT FUELS

(ECE R49 Test Cycle Results)

NOx HC CO Particulates Eff. Therm

g/kWh g/kWh g/kWh g/kWh Efficiency

Diesel EURO II Limits 7 1.1 4.0 0.15 0.40

Diesel EURO III Limits 5 0.66 2.1 0.1 0.38

DME 2.5 0.25 1.8 <0.05 0.40

CNG (lean bum) 1.0 0.2 0.1 <0.05 0.35

LPG (lean bum) 1.5 0.25 0.1 <0.05 0.35

Methanol 2.5 0.4 1.5 <0.05 0.37

mental impacts of DME and several other
"clean"

alternatives. The concept of the SPI

compares mass and energy flows of technical

processes that provide certain benefits with

natural flows from or to the environmental com

partments. For example, with respect to fuels, it

compares the carbon flow within the life-cycle of

a biogenic fuel with the carbon flow in natural

biomass cycles. For fossil fuels, the natural

carbon flow for fossil fuels is approximately

70 times lower than for biogenic fuels; however,
it must be considered that biomass production is

limited by the available arable acreage. One

fuel (e.g., DME) can have a completely different

SPI if it is produced from natural gas or wood.

In the same way, different production methods,

different ways of feedstock recovery, fuel distri

bution, etc., influence the SPI as these initiate

additional processes and life-cycles of sub

stances.

The
authors'

SPI comparison is based on the
"production"

of 1 kilowatt-hour energy at the

wheels of a vehicle. The amount of C02 pro

duced for providing this energy depends on both

the chemical composition of the fuels and the

thermal efficiencies of the feedstock recovery,

production, distribution and combustion in the

engine.

Figure 1 shows the SPI for the different fuels.

The C02 emissions of the fossil fuel are the

strongest contributor to the SPI. This means

that the C02 production from fossil fuels stands

farthest aside from the natural cycle of this sub

stance which is not surprising. The SPI of a

biomass C02 cycle is almost 2 orders of mag

nitude lower and consequently disappears in the

bar-charts of Figure 1 .

The weighting of the C02 emissions relative to

NOx results in a factor of 1/46.5. This means

that, in terms of the SPI, 1 gram of NOx is

equivalent to 46.5 grams of C02. If looking at

the diesel results, an engine operated at the

EURO III limits clearly shows advantages com

pared to an engine at EURO II limits, even

though 5 percent lower thermal efficiency was

assumed for EURO III. Due to the low NOx
levels, methanol from natural gas almost com

petes with diesel engines. DME shows benefits

compared to methanol, and it also shows

10 percent lower overall impact compared to

diesel EURO III. However, the latter case

purely depends on the reduced NOx emissions.

The big advantage of DME and methanol com

pared to the other fuels listed in Figure 1 is that

they can be produced from both fossil and re-

12
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FIGURE 1

THE SUSTAINABLE PROCESS INDEX FORVARIOUS FUELS
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newable resources. This means that biogenic-

based fuels can also partly be added to fossil

fuels (depending on a local renewable resource)

without changing the fuel properties. In this

case the overall environmental impact shifts

between the values of fossil and biogenic pri

mary energy sources proportional to the mixture

concentration. Using the results of Figure 1,
17 percent of DME must be produced from

wood to lower DME's SPI to the level of CNG.

In contrast to that, 30 percent of methanol must

be produced from wood to come down to the

level of CNG.

WOMBAT PROCESS CONVERTS TIRES

INTO LOW-POLLUTING FUEL

Over the past few years, the Wertz Oxidative

Molecular Bombardment at Ambient Tempera

ture (WOMBAT) process has been developed

and refined at the University of Southern Mis

sissippi (USM). The object of USM's project is

to convert scrap tires into a low polluting fuel via

technology which is environmentally friendly
and economically useful. The WOMBAT proc

ess was described by R. Cummings and D.

Wertz of the University of Southern Mississippi

at the
215th

American Chemical Society Na

tional Meeting held in Dallas, Texas, March 29

through April 2.

The WOMBAT process is initiated by introduc

ing both whole scrap tires and concentrated ni

tric acid into a closed reactor. Although the

scrap tires are chemically inert to normal solva

tion processes and other types of chemical re

actions using mild conditions, in the WOMBAT

reactor the tires react to form a gel which is

characterized by very low ash and sulfur con

tents. The production of greenhouse gases

from combustion of the WOMBAT solid is

slightly lower than that produced from typical

bituminous coals.
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The products of the WOMBAT process include

steel belts, polymeric fibers, a solvent-swelled

gel which may be processed into the high car

bon WOMBAT solid, a solution containing sev

eral inorganic species extracted from the tires,
and large quantities of NOx. The WOMBAT re

actions appear to take place in the liquid phase,

where at least three specific reaction processes

occur. In each of these reaction sequences, the

thermodynamic products include NOx, and both

NO and NO2 have been identified in the vapor

phase within the WOMBAT reactor. Of these,

however, NO2 is the dominant species, while

NO appears to occur only in trace amounts and

N02 is used generically to represent the various

NOx species present in the vapor phase.

The presence of high abundances of NO2 and

aqueous
H*

in the reactor indicates that the very
concentrated nitric acid, which serves as the

source of the reactant(s) and also represents the

principal continuing operational expense, is be

ing consumed in the WOMBAT process. Its

escape into the atmosphere is not environmen

tally acceptable. For these two important rea

sons, the NO2 generated within the reactor,

which approximates a closed adiabatic system,

is catalytically recycled into a reactant, HNO2,
via an equilibrium reaction with O2. The disap
pearance of the atmospheric O2 within the

WOMBAT reactor parallels the reduction in effi

ciency in the WOMBAT reaction processes

within the reactor.

and the vulcanized SBR co-polymer por

tion of the tire.

The extensive oxidation of the vulcan

ized SBR in which the high carbon SBR

material (85.0 percent) is converted from

rigidly shaped solid to a gel which has a

significant oxygen content (13.5 percent)

with a concomitant reduction in the car

bon abundance to 73 percent.

The extraction of the organo-sulfur from

the rubbery polymer from 1 .5 percent in

the original SBR impregnated rubber to

0.7 percent or less in the gel.

The acid hydrolysis of the zinc and cal

cium salts from the SBR during its con

version to a gel. The low ash content of

the WOMBAT gel (0.7 percent) is addi

tional evidence of the successful extrac

tion of the zinc (and other metals) from

the tires.

The key characteristics of the WOMBAT solids

are compared to several of the Argonne pre

mium coals in Table 1 (next page).

ENVIRONMENT

There is no evidence of nitration reactions or of

any separation of the organic species (i.e., the

separation of carbon black from styrene-

butadiene [SBR] co-polymer, etc.) in the gelati

nous solid material which is produced by the

WOMBAT process.

The large abundances of NO2 produced in the

reactor are thought to be due to several distinct

reaction processes which occur, at least to some

extent, simultaneously. These processes in

cluded:

The cleavage of the metal-rubber adhe

sion between the brass-coated steel belts

U.S. GLOBAL CHANGE RESEARCH

PROGRAM RELEASES 1999 ASSESSMENT

The Global Change Research Act of 1990 man

dates the preparation of scientific assessments

of global change. The Subcommittee on Global

Change Research (SGCR), which coordinates

the United States Global Change Research

Program (USGCRP), has initiated a national,

scientifically based assessment of the conse

quences of climate change and climate variabil

ity for the people, environment and economy of

the United States. The USGCRP's assessment

process is overseen by the National Science

and Technology Council and the Office of Sci

ence and Technology Policy.
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TABLE 1

PROPERTIES OF SEVERAL SOLID STATE FUELS

Fuel MMBTU/Ton Lbs. C/Ton Lbs. Ash/Ton Lbs. SO-ZTon

Beulah Zap 14.9 1,000 132 64

Illinois #6 22.0 1,210 285 319

Pittsburgh #8 26.8 1,485 182 86

WOMBAT 27.5 1,083 29 28

A series of 20 workshops is being held in 1998

to identify the distinctive regional characteristics
and potential consequences of climate change

and variability. The next phase will include a

set of regional assessments, a set of sectoral

assessments, and a national synthesis that

draws together the regional and sectoral as

sessments in a summary for policymakers. A

comprehensive National Assessment report will

be issued in 1999. The key global change is

sues to be addressed were outlined in an interim

report published by the USGCRP in March, "Our

Changing Planet. The FY 1999 U.S. Global

Change Research
Program."

To date research supported through the

USGCRP has substantially improved under

standing of global change. For example:

Computer models successfully predicted

the onset of the 1997-98 El Nino event

with sufficient lead-time so that actions

could be taken to minimize damage from

predicted heavy rains.

Studies of past variations in the climate

indicate that global average temperatures

by the end of the next century could be

warmer than any that have occurred on

Earth for several million years.

Research results have strengthened the

evidence that the phaseout of chloro-

fluorocarbons and other ozone-depleting

compounds will significantly reduce levels

of chlorine in the stratosphere.

Observation and monitoring from space

of changing land cover are providing an

important foundation for efforts to make

land use more sustainable.

Climate Change Assessment Projects

The USGCRP FY99 report summarizes several

ongoing research projects discussed below.

USGCRP scientists are helping to prepare the

Third Assessment Report (TAR) of the Intergov

ernmental Panel on Climate Change (IPCC),
which is scheduled for completion in late 2000

or early 2001 . Both the Joint Global Ocean Flux

Study and the World Ocean Circulation Experi

ment will be well into a phase of analysis, inter

pretation, modeling and synthesis.

These and other studies of the climate of the
20th

century and the climate of the future will

examine changes due to greenhouse gases,

aerosols and solar variability and will enable a

critical evaluation of the predictive capability of

climate models. Field experiments and focused

model simulations will study the effects of tro-

pospheric and stratospheric aerosols on global

and regional radiative balances and climate.
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Model simulations and observations needed to

increase confidence in the detection and attri

bution of human-induced climate change will be

prepared using updated and more comprehen

sive data and improved detection procedures.

The USGCRP will also contribute to the IPCC

Special Report on Aviation and the Global At

mosphere. This report will be the authoritative

assessment of the international scientific and

technical communities of the impacts of aviation

on the atmosphere, including ozone layer de

pletion and climate change. A second report,

Scientific Assessment of the Ozone: 1998, will

be completed in FY99. The focus of this as

sessment will be on management of the recov

ery of the ozone layer over the coming decades

and on the relationship of ozone depletion to

other global environmental issues, such as cli

mate change.

The Pacific Exploratory Mission (PEM)Trop
ics B, an airborne field campaign, will be con

ducted during 1999, to document air quality
baseline data over the tropical Pacific Ocean.

These data will be used to quantify expected

future impacts on the tropical Pacific atmos

phere from biomass burning and emissions from
rapid industrial development in Asia.

A report describing the integrated, multi-agency,
national UV monitoring program will be pub

lished.

To facilitate the realization of these goals the

Global Change Data and Information System

will be expanded to meet the special data and

information access needs of the national as

sessment of the consequences and implications

of climate change and variability for the United

States.

Also USGCRP's "full and
open"

data access

policy will be broadened to facilitate the incorpo

ration of non-Federal data sources into national

assessments of global change.

RESOURCE

F-T SYNCRUDES YIELD EXCEPTIONAL

FUEL QUALITIES

Production of liquid hydrocarbon fuels typically
includes Fischer-Tropsch (F-T) synthesis fol

lowed by refining (hydrocracking and distillation)

of the syncrude into mostly diesel or kerosene

with some naphtha (a feedstock for gasoline

production). Refining is assumed necessary,

possibly overlooking the exceptional fuel quali

ties of syncrude for more direct utilization as a

compression-ignition (CI) fuel.

G. Suppes et al. of the University of Kansas

evaluated cetane number, viscosity, cloud-point

and pour-point properties of syncrude and

blends of syncrude, and blend stocks such as

ethanol and diethyl ether in a paper published in

Industrial and Engineering Chemistry Research,
Volume 37, pages 2029-2038.

The primary goal of this research was to dem

onstrate that blending alone can be used to im

prove the most important CI application proper

ties of syncrude. A fuel having a cetane num

ber greater than 45 and a pour-point tempera

ture less than -10C would meet the demands of

many diesel markets. Ultimately, the use of

blending and additives would give way to better,
shape-selective catalysts that would produce

syncrude that would require little or no blending.

The proposed upgrading through blending and

additive utilization would be a significant mile

stone toward sustainable Fischer-Tropsch com

mercialization.

Properties of F-T Crude and Distillate

Synthetic distillate and light syncrude samples

were provided by Syntroleum of Tulsa, Okla

homa. The light syncrude is a fraction of an F-T

product that was separated from the waxy com

ponents. The distillate is a fraction of the light

syncrude. Neither product was hydrocracked.
The experimental data were measured for sev-
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eral mixtures of light syncrude, synthetic diesel,

and reference fuels. The synthetic diesel distil

late has a remarkably low cloud-point tempera

ture at -50C and a pour-point of -54C. The

light syncrude was found to have unacceptably

high cloud-point and pour-point temperatures of

6.5 and 2C, respectively. Various fuels were

mixed with the synthetic crude to attempt to re

duce the values of the pour-point temperatures.

Biodiesel, ethanol and diethyl ether were largely
ineffective for reducing pour-points. The hex-

anes were effective, and gasoline was moder

ately effective.

Since gasoline is the least expensive of the

blend stocks, its mixtures were chosen for fur

ther studies with pour-point depressants.

Treatment at rates of less than 0.1 percent led

to pour-point temperatures of -21C in the

30 percent gasoline mixtures. Treatment at

these rates would typically cost less than

$0,005 per gallon and is a viable option. The

type of additive did not have a significant impact

on performance. The pour-point depressants

had no impact on the cloud-points, indicating
that the additives impacted crystal growth but

not the underlying thermodynamics.

Both the synthetic diesel and the synthetic crude

are within ASTM guidelines with viscosities of

1.92 and 2.32 square millimeters per second

(mm2/s), respectively. The viscosity of the

synthetic fuels is lowered by the addition of

components with lower molecular weights such

as ethanol. As ethanol was added, the viscosity

was reduced from 3.05 mm2/s at pure syncrude

to 2.06 mm2/s at 10 percent. Additional blend

ing leads to unacceptably low viscosities. A

30 percent mixture of ethanol with light syn

crude results in a viscosity slightly lower than

the diesel specification (1.78 mm2/s). The vis

cosity of the 30 percent blend with gasoline is

too low (1 .28 mm Is).

The cetane numbers are approximately propor

tional to the reciprocal ignition delay times. Lin

ear regression was performed at 750, 800 and

833 K. Cetane numbers were estimated for

mixtures of the light syncrude with ethanol,

biodiesel and gasoline using these regression

equations.

The synthetic diesel (syncrude distillate) has a

cetane number of 65.3 2.4, which is slightly

lower than the light syncrude, which has a

cetane number of 69 4.8. The synthetic fuels

display impressively high cetane numbers, suf

ficiently high to allow blending with low cetane

blend stocks to improve pour-points. When light

syncrude is blended with a blend stock of lower

cetane number, the resulting blend typically has

a lower cetane number than the light syncrude.

This occurs when ethanol blend stock is added

to the light syncrude. Even at 20 percent etha

nol, the cetane number barely meets perform

ance expectations for diesel fuels. When both

biodiesel and ethanol blend stocks were used,

ethanol had less of an adverse effect on cetane

number. The increase in cetane number due to

the addition of 10 percent biodiesel to the syn

crude was unexpected.

Fuel Performance

Mixtures of 30 percent gasoline with 70 percent

light syncrude can be formulated to have ac

ceptable pour-point temperatures (-21C) and

exceptional cetane numbers (63.3). Preliminary

economic analysis suggests that these fuels can

be produced for less than the going rates for

diesel fuel. However, further testing is needed

since the cetane number is only an indication of

the propensity for the fuel to ignite and work in a

diesel engine. In particular, extended engine

tests are warranted.

In addition, while blends of light syncrude with

gasoline are expected to have exceptional per

formance characteristics, the flash-points would

be considerably lower than normal diesel. Even

at the lowest concentration, a typical flash-point

temperature of diesel at more than 38C would

be decreased to less than -10C.

This could create problems for some applica

tions. For example, the practice of using diesel

fuel circulation to cool the injector may not be

compatible with low-flash-point fuels. Fuel cir

culation through hot injectors has the potential

of heating fuels to conditions where low flash

points can lead to explosion or fire. Several

engine manufacturers have manufactured diesel

engines powered by ethanol and methanol.
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These engines have overcome problems with

low-flash-point fuels.

EFFICIENCY OF DISTRIBUTION NETWORK

KEY TO GLOBAL METHANOL MARKETING

A major advantage of methanol in the global

energy market compared to gaseous alternative

fuels such as natural gas and hydrogen is that it

is a liquid. Methanol, therefore, can be easily
transported in a variety of conventional shipping
vessels across the oceans separating major

methanol producing sites and consuming re

gions.

Though relatively easy to accomplish, shipping
methanol is expensive. As much as 30 percent

of the total delivered cost in world markets can

be ocean freight charges alone, and the cost of

ocean freight is only one item of the total deliv

ery cost. Storage, barging, rail, truck, survey
ing, insurance and labor also add to the cost of

delivering methanol.

A. Pickering of Stolt Parcel Tankers Inc. dis

cussed the major issues facing ocean shipping
of methanol at the Fourth Latin American

Methanol Conference held in San Juan,
Puerto Rico, in May.

History

The evolution of the methanol trade followed the

progression of many other chemical products.

In the early 1970s drums gave way to small bulk

parcels which gave way to larger bulk parcels.

In the early 1980s the methanol trade diverged

from the parcel tanker market into the purpose-

built dedicated tonnage. Celchem Catalyst was

the first purpose-built methanol carrier. This

was followed by other purpose-built ships and

led to today's dedicated fleet. The concept was

simple: build a cheap floating pipeline to mar

ket. Initially producers led the charge but over

time ship owners decided they would build for

that end of the market. As world-scale plants

started to spring up there became an increase in

the dedicated fleet. Today the dedicated fleet is

linked largely among the five major shippers

shown in Figure 1 .

Methanol Trade Today

The push for lower cost has also come from a

restructuring of supply points. Regionalization

of supply has helped improve economics.

Unfortunately not all plants are located close to

markets. The majority of production is still in

remote areas and will need long haul transpor

tation. The latest strategy in the drive for lower

transportation cost is to increase the size of

these dedicated ships. What was until recently

the norm at 30,000 dead weight tonnage (dwt)
has now grown to 45,000 dwt and in one par

ticular case to 98,000 dwt. Increasing scale is

not an option for everyone and therefore the

quest for lower cost solutions continues.

The fundamental problem with the direction of

the methanol trade today, Pickering believes, is

that it is not efficient.

The inefficiency comes from low utilization of

dedicated ships. Of the total world methanol

trade approximately 60 percent of the volume

moves on dedicated tonnage. Of this

60 percent the majority moves on one-way trade

or at 50 percent utilization.

Pickering believes the industry should attempt

to pool that underutilized portion of the dedi

cated fleet with an operator who can improve

the efficiency and thereby lower the cost per

unit of transportation. The ideal partner in this

type of arrangement would be one that:

Has a significant back-haul portfolio that

matches the dedicated legs

Has a best-in-class operations depart

ment with proven cleaning techniques

Has a worldwide marketing organization

capable of developing new shipping
markets
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FIGURE 1

THE DEDICATEDMETHANOL FLEET
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Future

Methanol today is primarily sold to the chemical

industry. As a significant raw material the need

for elaborate onshore distribution systems is not

required. The methanol trade may not require

this today but it will come as emerging markets

develop and new product applications appear.

Methanol fuel-cell development is one such ex

ample. Pooling dedicated tonnage is one way

the trade may turn to lowering its cost. Another

way available to all involved is linking to low-

cost logistic network providers.

Today there are few logistics integrators who

have the size and scope to cater to the global

bulk liquids trade. Several companies sell inte

grated packages for parts of the supply chain

but few are able to offer a fully integrated pack

age from door plant to the end user. More im

portantly no one can offer a package today

whose sum is less than its parts. The only true

value to integrated packages are if they come at

a lower total cost.

This cannot be done by piecing together a

handful of assets and linking them up. What

has to happen and what is likely to take place in

the next few years, says Pickering, are that lo

gistics networks will be developed similar to air

line networks capable of rationalizing the most

optimum and efficient delivery system. Assets

will be managed and balanced across networks

providing the lowest cost best economics. Alli

ances will be formed to fill out these networks.

As networks develop and compete cost will

come down and service will go up. Networks

will run on sophisticated computer systems ca

pable of defining total cost at anytime and

showing where inefficiencies are. New routings

of product flow will be defined when these inef

ficiencies appear.

According to Pickering, the challenge will not be

who has the cheapest ships or who has the best

contracts; it will be who has the best distribution

network with the lowest cost to get the product

to the end user.
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COMING EVENTS

1998

August 2-6, Colorado Springs, Colorado Meeting Global Energy & Environmental Needs,

fax 352 392 8656

August 23-27, Boston, Massachusetts Symposium on Fuels for the Year 2000 and Beyond,

fax 403 987 5349

August 30-September 2, Inter!aken, Switzerland Fourth International Conference on Greenhouse Gas

Control Technologies, fax 44 1242 680 758, UK

September 13-18, Houston, Texas
17th

Congress oftheWorld Energy Council, fax 202 331 0418

September 16-17, Lloydminster, Alberta, Canada 1998 Petroleum Society of CIM Heavy Oil Technical

Symposium, phone 403 724-6526

September 20-25, Florence, ItalyWorld Renewable Energy Congress, fax 44 0118 961 1365, United

Kingdom

September 20-25, Oxford, England Natural Gas: The Commercial and Political Challenges,

fax 44 171 650 1401

September 21-22, London, England European & UK Gas Trading and Transportation,
phone 44 171 878 6886

September 23-24, Dresden, Germany Gasification, the Gateway to a Cleaner Future,
phone 44 1788 578214

September 28-October 1 , Denham, Uxbridge, United Kingdom The Fundamentals of the Natural Gas

Industry, fax 44 171 831 4567

October 4-7, San Francisco, California 1998 Gasification Technologies Conference, fax 650 855 2166

October 4-8, Madison, Wisconsin BioEnergy '98, phone 312 407 0177

October 12-14, Amsterdam, The Netherlands Coaltrans 98, The World Coal Trade Conference,
fax 44 (0) 171 779 8946, England

October 15-16, Paris, France Third Gas
Executives'

Summit Conference, fax 33 1 47 52 70 66

October 27-31 , Beijing, China Seventh UNITAR International Conference on Heavy Crude and Tar

Sands, fax 403 439 2423

November 1-4, Calgary, Alberta, Canada SPE/CIM International Conference on Horizontal Well

Technology, phone 403 237 5112

November 2-13, Buenos Aires, Argentina Fourth Conference ofthe Parties to the Framework

Convention on Climate Change, website www.unfccc.de

November 4-6, Atlanta, GeorgiaStrategic Gas Forum, phone 770 279 4388
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November 8-11, San Diego, CaliforniaInternational Gas Research Conference, fax 773 399 8170

November 12-13, Houston, TexasNational Petroleum Refiners Association Fuels and Lubricants

Meeting, phone 202 457 0480

November 16-19, Palm Springs, California1998 Fuel Cell Seminar, phone 202 973 8671

November 19-21, Manama, BahrainThe
7th

International Energy Conference and Exhibition,

fax 0041 1463 0252

November 29-December 2, World Trade Center, DubaiGastech 98,
18th

International LNG/LPG

Natural Gas Conference, phone 44 281 444 1241

December 9-1 1 , Orlando, Florida Power-Gen International Conference, fax 918 831 9776

December 14-16, San Francisco, CaliforniaMonetizing Stranded Gas Reserves, fax 713 952 9526

1999

January 10-14, Lake Buena Vista, Florida
13th

International Symposium on Management and Use of

Coal Ash Products, phone 703 317 2400

February 1-3, Houston, Texas Energy Sources Technology Conference & Exhibition, fax 281 493 3493

March 1-3, Nashville, Tennessee Gas Processors Association
78th

Annual Convention,
fax 918 493 3875

April 28-30, Houston, Texas Offshore Natural Gas Conference, phone 713 952 9500

May 3-7, Tuscaloosa, Alabama International Coalbed Methane Symposium, fax 205 348 9276

July 5-8, St. Petersburg, Russia Hypothesis III, Hydrogen Power (Thermal and Electrochemical)
Systems International Symposium

2000

January 24-28, Geneva, SwitzerlandWorld Clean Energy Conference, fax 0041 1 463 0252

June 6-9, Nice, France
21st

World Gas Conference, fax 33 1 42 27 49 43

June, Calgary, Alberta, Canada
16th

World Petroleum Congress
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PROJECT ACTIVITIES

STUART PROJECT 40 PERCENT COMPLETE

At the Southern Pacific Petroleum and Central

Pacific Minerals (SPP/CPM) Thirtieth Annual

General Meeting, I. McFariane reported on the

progress of construction of the joint venture's

first oil shale plant. Construction of the Stuart

Stage 1 oil shale demonstration plant by Bechtel

Inc. commenced in July 1997 following the

completion of financing and the signing of an

agreement of support by the Queensland Gov

ernment (see The Sinor Synthetic Fuels Report,

January 1998, page 2-1). Since then construc

tion has closely followed the planned schedule

(Figure 1) and in April of this year passed the

40 percent level.

The initial period concentrated on design and

fabrication. Field construction is now beginning
to grow rapidly with tanks, towers and the

AOSTRA retort due for installation by the end of

the year. Mechanical completion is presently

estimated to be on schedule during second

quarter 1999.

Total cost is expected to be $250 million within

which the construction agreement with Bechtel

provides for a fixed price of $181 .9 million and a

specified level of operations for handover of the

plant.

Operation of the plant will be through Suncor

Energy Management Pty. Ltd. (SEM) which acts

for the owners. SPP Development Pty. Ltd.

(SSPD) is now planning and will design Stuart

Stages 2 and 3. Both of these companies have

been building up staff to meet these objectives.

The Stage 1 demonstration plant is expected to

yield 4,500 barrels per steam day of shale oil.

The plant will utilize the Alberta Taciuk Process

(ATP). Under the ATP process, a large rotating

kiln heats the shale to about 500C causing the

rock to give off oil vapor. The hydrocarbon va

por is then cooled to a liquid form which resem

bles conventional crude oil. Residual carbon in

the shale is used to fuel the ATP and processed

shale is used to preheat incoming shale before

being returned to the mine as backfill.

Krupp Polysius in Germany was awarded the

fabrication contract for the Alberta Taciuk Proc

essor, with installation expected at Stuart early

in 1999.

The Mining Lease for the Stage 1 portion of the

Stuart deposit (527 hectares) was granted for

30 years from August 1, 1996. The whole de

posit contains an estimated 3 billion barrels of

shale oil and has the advantages of being close

to power, water and port infrastructure, and of

having a silica clay base which provides a

cleaner oil.

Environmental Consideration

As part of SPP/CPM's environmental policy, a

broad range of innovative ways of minimizing

C02 has been under investigation as part of the

project planning.

As operations have not yet started, there is no

definitive data from which to project C02 output

for a full commercial plant. In the Environ

mental Impact Assessment Study filed for the

Stage 1 plant, C02 emissions were calculated to

be 1.9 tonnes per tonne of product (68 kilo

grams of carbon per barrel of product). Stage 1

was not designed to optimize efficiency, how

ever, and emissions from Stage 1 do not reflect

the company's expectations for the commercial

project.

Early estimates for a full scale commercial plant

producing 70 percent refined product showed

emissions could be divided into two broad

categories, each of roughly 30 to 40 kilograms

carbon per barrel, which have been targeted

for rigorous emission reduction analysis. The

first category encompasses the emissions

resulting from all the energy consumed to run

the extraction, upgrading and refining proc

esses, and will decline with improvements in

cost efficiency. Suncor has improved the over

all cost of operations efficiency by 40 per

cent over five years at its oil sands plant in

Canada.
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FIGURE 1

STUART STAGE 1 CONSTRUCTION PROGRESS
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The second category of emissions envisaged in

the planning process is generated by what might
be termed waste heat, such as the energy ab

sorbed by the host rock during the heating proc

ess. This waste energy will be significantly re

duced by improving recoverable heat

management using conventional technologies.

In addition, SPP/CPM is commencing an active

research program into alternate ways of man

aging C02 with Australian universities and re

search institutions.

CORPORATIONS

AUSTRALIAN SHALE DEVELOPERS EYE

$28 BILLION BARREL RESOURCE BASE

The joint operations of Southern Pacific Petro

leum N.L. (SPP) and Central Pacific Minerals

N.L. (CPM) began in 1973, and interests to date

comprise ten oil shale deposits with a total in

situ resource of approximately 28.6 billion bar

rels (see Table 1). The
companies'

net interest

in these resources amounts to 24.1 billion bar

rels.
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TABLE 1

SPP/CPM OIL SHALE RESOURCES AND RESERVES

"

ronnes
x109

Grade,

LTOM

Moisture,

wt.%

Shale CHI (barrels x
'

10") SPP/CPM

Deposit Total Measured Indicated Inferred % Interest

Oil Shale Resources (50 LTOM cutoff)
Stuart 6.5 91 18.4 3.0 0.4 2.5 0.1 50

Rundle 5.0 105 19.7 2.6 2.6 50

Condor 25.0 67 7.7 9.7 5.0 1.7 3.0 100

Nagoorin 6.3 91 25.8 2.7 0.21 1.2 1.3 50

Nagoorin South 1.3 78 27.0 0.47 0.30 0.17 100

Lowmead 1.8 84 23.4 0.74 0.41 0.33 50

Duaringa 11.0 79 31.3 3.8 0.47 0.66 2.6 100

Yaamba 7.9 95 12.7 4.1 2.9 1.2 100

Block Creek 1.3 94 14.5 0.67 0.67 100

Boundary Flat Lagoons 2.1 76 13.3 0.86 0.86 100

Total 28.6 9.0 12.1 7.5

Oil Shale Reserves (50 LTOM cutoff)

Stuart - Kerosene Creek # 36 172 25.1 29 29 50

Total 36 172 25.1 29 29

SPP/CPM's stated corporate goal is to lead the

world in the mining and processing of economic

oil shale resources. While the primary focus is

on the development of the Stuart Deposit and

the assessment of other deposits already identi

fied, further exploration for similar high-grade,

silica-based deposits is also underway. Minor

drilling (three cored holes for an aggregate

321 .8 meters) was undertaken in the Biloela

Basin towards this end in 1997.

At Duaringa SPP/CPM has embarked on a pro

gram of drilling designed to validate its resource

estimates and allow the application of a Mineral

Development License to proceed in line with

government guidelines. A total of 17 cored

holes (2,023 meters) were completed towards

this aim and the program will be completed

during 1998. Recalculation and reclassification

of the resources will take place at the comple

tion of the program.

At the Lowmead, Nagoorin, Nagoorin South and

Condor deposits, baseline groundwater moni

toring continued in 1997, along with general

tenement maintenance. At Yaamba and Her

bert Creek, review of existing data was initiated.

TECHNOLOGY

COGENERATION USING SHALE PRODUCES

EFFICIENT AND CLEAN ENERGY

Oil shale could prove to be an alternate route in

supplementing traditional sources of fossil fuels

such as crude oil and natural gas. But its utili

zation involves several different technologies:

Mining and crushing
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Retorting, gasification or direct combus

tion to generate electric power

Disposal of spent shale and otherwastes

in an environmentally acceptable man

ner

Final upgrading of the liquid and/or

gaseous products into commercial forms

An understanding of these processes can help
in selecting the most effective system design

and operational procedures that lead to mini

mizing the total (i.e. lifetime operating and

capital) cost, including that associated with

meeting environmental regulations.

J. Jaber, of Cranfield University, et al. evaluated

an integrated tri-generation system, which com

bines gasification, retorting and combustion of

oil shale to produce shale oil and fuel gas as

well as electric power. Their summary was pub

lished in Oil Shale, Volume 15, Number 1,
pages 3-30.

The proposed Oil Shale Integrated Tri-

Generation System (OSITGS) is similar to coal

integrated gasifier gas turbine systems, which

incorporate coal gasification and combustion.

But the entrained solids and/or the bottom ash

from the Circulating Fluidized Bed Combustor

(CFBC) are used as heat carriers either to the

gasifier or the retort (to produce synthetic gase

ous and liquid fuels), which are added to the

OSITGS process in order to achieve a high re

source-utilization efficiency, lower costs of the

final products, as well as incur less adverse en

vironmental impacts. OSITGS consists of a

CFBC, a gasifier and a retort (Figure 1). A rela

tively high-calorific (i.e. about 8 to 10 mega

joules per standard cubic meter [MJ/Nm3]) fuel

gas is produced from the indirectly-heated gas

ifier and a low-calorific (i.e. about 4 to

6 MJ/Nm3) one from the directly-heated gasifier,

compared with about 35 to 40
MJ/Nm3

for pe

troleum products or natural gas.

Finely-ground oil shale particles along with char

from the gasifier, retorted shales and shale oil

sludge, which are byproducts from the retorting

process, are fed to the CFBC, where they are

burned. The flue gases and the entrained solids

(i.e. fly ash from the CFBC) are separated by

means of cyclones. Heat is extracted from the

furnace (i.e. a fluidized bed) and from the flue

gases (before being cleaned up downstream),

and is used to produce high-pressure steam,

which drives the turbine to generate electricity.

Two configurations may be employed:

Indirectly heated gasifier and retort

Directly heated gasifier and indirectly
heated retort

In the indirectly-heated mode, the collected hot

solids (i.e., at about 850 to 900C) from the

CFBC's cyclone would be sent to the gasifier

and/or the retort, serving as the heat carrier, or

they can be circulated to the bed. In the di

rectly-heated mode operation, an air-blown,

pressurized or atmospheric, fluidized-bed gas

ifier would be used as in the integrated coal

gasification combined cycle (ICGCC). Raw

crushed oil shale is fed to the gasifier, where it

is pyrolyzed (i.e. devolatilized) at a relatively
low temperature, thereby producing a low-

calorific fuel gas and char. The latter will be

circulated to the CFBC. This mode has a more

logical lay-out than the indirectly-heated mode,

say Jaber et al.

The raw fuel gas from the gasifier undergoes an

initial stage of cleaning in a cyclone or high-

temperature filter to remove particulates. Then

it is cooled, via a heat exchanger, where the

heat is used to raise more steam for feeding the
steam cycle, between 400 and 600C. Finally,
the clean fuel gas is burned in an advanced gas

turbine combustor. The resulting hot combus

tion products are passed to the turbine ex

pander, which drives both the compressor and

an electric-power generator. The heat from the

high-temperature exhaust gases (at >500C) is

recovered by a waste-heat boiler, which will

produce steam that can be used to drive a

steam turbine.

Residual char from the base of the gasifier, to

gether with the fines collected from the fuel-gas

stream, are taken to the CFBC, where they are
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FIGURE 1

FLOW CHART OF THE PROPOSED PROCESS
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burned to release heat. In the retort, the

crushed raw oil shale is mixed with hot ash,

which carries the required heat for the pyrolysis

process. The produced liquid-vapor and hydro

carbon gases would be collected in the upper

part of the retort, cooled and separated. The

bottom ash (i.e., the spent shale) will be con

veyed to the CFBC in order to recover the en

ergy content from the residual char in the re

torted shale. Finally, the CFBC bottom ash

would be either disposed of, after being cooled,

as solid waste, or processed to recover some of

the trace metals because they have become

concentrated in the spent shale.

The proposed tri-generation scheme would pos

sess advantages compared with either direct

combustion or retorting of oil shale alone.

most important are:

The

The plant could be located near oil shale

deposits and in remote areas because fi

nal products (i.e. electricity as well as

gas and liquid fuels) can be readily
transported.

Gaseous and liquid fuels with high calo

rific values can be produced: These

could be substituted for petroleum prod

ucts and/or natural gas in different sec

tors.

The OSITGS will offer the advantage of a

higher efficiency over systems employing the
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standard steam cycle. The projected cycle effi

ciency would be higher than 45 percent com

pared with approximately 36 percent for con

ventional CFBC and about 30 percent for the

pulverized oil shale combustion system. Con

sequently, this will lower the cost of electricity

generation compared with what can be achieved

with conventional technologies. In addition,

lower rates of emissions per unit of electricity

generated would be released to the environ

ment. The high efficiency of the OSITGS is

mainly due to the low energy-loss rate in the

cycle as a direct result of the integration of dif

ferent processes leading to greater thermody
namic efficiencies and the relatively high effi

ciency of the combined cycle.

Integration ofGasifier, Retort, Combustor

and the Combined Cycle

Many important opportunities arise when inte

grating gasification, combustion, retorting and

the combined cycle in one plant. Fuel gas pro

duced by the gasifier must be cooled to about

350C (50) to permit the effective removal of

particulate and alkali compounds. This allows

the production of more high-pressure steam,

which would be used either for the process itself

or for generating more electricity. Further cool

ing of the fuel gas can be carried out by ex

changing heat with the raw oil shale before the

latter is introduced to the retort. The fluidized-

bed combustor and gasifier require a substantial

amount of high-pressure air to achieve bed flu

idization. This could be provided from the gas

turbine compressor; by bleeding fluidization air

from the compressor, stall can be avoided.

In a gas-turbine-based combined-cycle power

plant, the air compressor, the gas and steam

turbines, various pumps, valves and other com

ponents are standardized equipment. A waste

heat-recovery boiler is the only key component.

Jaber et al. note that the hot-gas piping and

control valve technical feasibility are also issues

of concern. Residual carbon from the gasifica

tion process, as well as the fines collected from

the fuel gas stream, tar, shale oil sludge and the

retorted shale from the bottom of the retort to

gether will be taken to the CFBC where they are

burned to raise heat. Consequently, more

steam and electricity are generated, while si

multaneously, less pollutants are released into

the environment. Also, spent ash from the bot

tom of the CFBC and/or retorted ash, which

would be injected to the fuel gas piping system,

could be used to capture the sulfur. The use of

spent ash as a sorbent would improve the envi

ronmental performance as well as the econom

ics of the proposed integrated plant.

In summary, the OSITGS is somewhat similar to

the coal-fired ICGCC. Proper CFBC, gasifier

and retort integration is the key to achieving

high overall efficiencies, say Jaber et al.

ONE PERCENT MOISTURE INCREASES OIL

SHALE YIELD BY 20 PERCENT

Previous research has shown a connection be

tween the moisture content of processed kuker

site and the yield and composition of its semi

coking products. It has also been established

thatwhen semicoking is carried out in the steam

stream the shale oil yield increases. V. Vysot-

skaya et al. of the Institute of Chemistry, Tallinn,

Estonia, discussed the influence of the raw ma

terial moisture content on the yield and compo

sition of semicoking products on Estonian oil

shale in an article in Oil Shale, Volume 15,

Number 1, pages 31-36. Two oil shales of Esto

nia were evaluated: Middle Ordovician kukersite

and Lower Ordovician Dictyonema shale.

As shown in Figure 1 , the influence of water is

most pronounced at levels of between 0 and

5 percent. The highest yield of oil from the ku

kersite kerogen is observed at the shale water

content of 1.1 percent: It exceeds the oil yield

from absolutely dry shale by 23 percent. Loss

of oil yield (14 percent) as a result of excessive

drying has also been observed for Dictyonema

shale, with the maximum oil yield, kerogen ba

sis, being at the initial moisture content of about

3 percent.

For kukersite the solid residue (semicoke) or

ganic matter yield is inversely proportional to

that of oil. In the case of Dictyonema shale it is
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FIGURE 1

DEPENDENCE OF SEMICOKING PRODUCTYIELD

ON THE STARTING SHALE MOISTURE CONTENT
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difficult to determine the semicoke organic ma

terial content with sufficient accuracy. Unlike

the oil yield, the chemical composition of the

oils obtained is negligibly influenced by water

content ofthe shale processed.

Some increase in gas formation has been de

tected; the gas yield grows with increasing
moisture content of the material processed (up
to 20 percent), probably due to water-gas shift

reaction. The maximum yield of carbon dioxide

and hydrocarbons is associated with maximum

oil yield, the yield of hydrogen disulfide tends to

grow with increasing moisture content of the

shale, in all likelihood as a result of pyrite reac

tion with water. The yield ofwater generated as

a result of thermal decomposition reactions (so-

called pyrogenetic water) has a tendency to

grow with increasing moisture content of the

shale. That is evidently connected with the in

tensification of cracking reactions of oil oxygen-

containing compounds, say Vysotskaya et al.

Thus, the authors conclude that moisture con

tent of the starting shale does influence the or

ganic matter distribution between semicoking

products. However, at present it is not known

whether the phenomenon is due to suppressing

secondary cracking reactions, to steam distilla

tion of volatile products, to changes in the mix

ture thermal conductivity, or to water playing a

role of a hydrogen donor. In any case, regula

tion of the raw material moisture content as a

very simple and inexpensive method for influ

encing the yield and composition of shale ther

molysis products deserves all possible attention,

say Vysotskaya et al.

FLUIDIZED BED COMBUSTION TEST UNIT

OPERATING IN JORDAN

Increasing attention is currently being given to

oil shale combustion in fluidized beds.
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M. Hammad et al. of the University of Jordan

designed, constructed and installed a labora

tory-scale fluidized bed combustion unit to study
the fluidization and combustion of oil shale. The

results of their study were summarized in En

ergy Conversion Management, Volume 39,
Number 3/4, pages 269-272.

Fluidized Bed Combustion Unit

The principle of fluidization is simple. Air is in

troduced into the combustion chamber through

a perforated plate at the bottom of the bed. The

chamber is filled with the grains (particles) and
at a certain air flow rate, the particles in the bed

begin to move. The bed is brought to the igni

tion temperature using hot air or a burner, and

the fuel is then introduced into the bed. Solid,

liquid and gaseous fuels can be burned in fluid

ized bed combustors.

The fluidized bed combustion unit is shown in

Figure 1. It consists of a cylindrical steel col

umn of 18 centimeters internal diameter and

168 centimeters in length. Air enters the unit

through the distributor plate which is a steel-

plate of 6 millimeters thickness and 61 1 holes of

1 millimeter diameter. The section above the

distributor is equipped with a heat exchanger.

An overflow pipe is used to control the bed

height at 30 centimeters and a drain pipe to

empty the bed. Oil shale is gravity fed to the

unit through a hopper fitted with a calibrated

gate.

FIGURE 1

FLUIDIZED BED COMBUSTION UNIT

Fluidized bed combustion unit: (1) air tank; (2) air valve; (3) flowmeter (4) lower section; (5)
distributor plate; (6) bed section; (7) emptying pipe; (8) overflow pipe; (9) sliding gate: (10) heat exchanger;

(11) sight piece; (12) feed hopper; (13) stack; (14) ash box; (15) pressure gauge, x: Thermocouple.

SOURCE: HAMMAD
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Fluidization Experiments

Fluidization experiments were conducted on an

oil shale test sample extracted from the El-

Lajjun deposit. The experiments were per

formed to determine the minimum fluidizing
velocities (Umf) of different sizes of oil shale

sample at room temperature and to inspect the

quality of fluidization. For each size tested, a

quantity of oil shale was introduced into the bed,
the air flow rate was increased and the pressure

drop through the bed was measured by the ma

nometer; then the flow rate was decreased to

measure the pressure drop in the backward di

rection. The experimentally determined U^ is

plotted against the particle size and is in good

agreement with calculated values, within

10 percent.

Combustion Experiments

Many experiments were conducted to get proper
combustion initiation of oil shale. Kerosene was

found to provide uniform combustion of the oil

shale. A small quantity of kerosene (about

0.1 liter) was mixed with 4 kilograms of oil shale
of 1.04 millimeters average particle diameter

and ignited inside the bed. The air flow rate was

increased beyond minimum fluidization. It took

1 to 2 minutes for the oil shale to undergo com

bustion, and a temperature from 700 to 1 ,000C

was observed throughout the bed.

Conclusions and Recommendations

A fluidized bed combustion unit has been de

signed, constructed and installed to study the

fluidized bed combustion of oil shale. This

combustor was tested and found to be capable

of providing good fluidization quality and of

burning Jordanian oil shale, in spite of its low

calorific value. Additional work is needed to

study the effects of the following parameters on

the oil shale combustion in order to specify the

optimum operating conditions:

Velocity and air to fuel ratio

Fuel feed rate

Particle size

Bed temperature and pressure

Bed height

Air preheat

The use of secondary air

The use of inert material inside the bed

Fly ash circulation

CATALYSTS TESTED IN ISRAELI TRICKLE

BED REACTOR

The production of transportation fuels from

shale oils by hydrotreating requires their deep
denitrogenation at severe operating conditions,

i.e., pressures higher than 100 atmospheres

(atm) and SOR temperatures higher than 400C.

Thus a major challenge is to decrease the proc

ess severity (especially the temperature) in or

der to maximize catalyst lifetime.

Medium severity hydrotreating and hydrocrack

ing of shale oil was evaluated by M. Landau, of

the Ben-Gurion University of the Negev, Beer-

Sheva, Israel, et al. in Fuel, Volume 77, Number

1/2, pages 3-13, 1998.

Hydrotreating Israeli shale oil under medium

severity conditions (i.e., at 150 atm, a liquid

hourly space velocity [LHSV] of 0.5 to 1.5 per

hour [h1], a temperature of 340 to 400C and a

hydrogen to oil ratio of 1,500 normal liters to

liters [NL L"1]) has been studied in a trickle-bed

reactor pilot plant packed with two novel cata

lysts in series. The first catalyst was Ni-Mo

supported on wide-pore alumina (DMN-1) and

the second catalyst was Co-Mo-Cr supported on

combined zeolite HY-alumina carrier (HTN-13).

The scope of Landau et al.'s work was to com

pare the performance of the novel catalyst sys

tems packed in a trickle-bed reactor by running
each catalyst separately in a two-step process

and loading the two catalysts in series in a one-

step process. Furthermore, the effects of oper

ating conditions on the fuel yields and quality
were studied.
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Effect of Staging Mode on Shale Oil Hydro

DeSulfurization/HydroDeNitrogenation

(HDS/HDN) Performance

Three hydrotreating runs with demetalized shale
oil were performed under standard conditions in

order to demonstrate the effects of a second

hydrotreating stage and the staging mode. The

results obtained at 150 atm, 380C, LHSV of

0.5
h"1

and a hydrogen to oil ratio of

1,500
NLL*1

are listed in Table 1. The first

stage of hydrotreating with the DMN-1 catalyst

removed all organic oxygen, reduced the sulfur

and nitrogen content in the oil by 97.4 and

76.4 percent, respectively, and increased the

hydrogen to carbon (H/C) ratio in the oil from

0.12 to 0.14. Additional hydrotreating of this

product under the same conditions with the zeo

lite HTN-13 catalyst increased the overall HDS

to 99.9 percent, the overall HDN to 97.2 per

cent, and the H/C ratio in the oil to 0.15.

The run performed at the same conditions with

DMN-1 and HTN-13 catalysts loaded in series

yielded an overall HDS of 99.7 percent, an HDN

of 99.1 percent and an H/C in oil of 0.15. In the

last experiment, every catalyst operated at an

LHSV of 1 h'\ twice the value in previous two-

step runs. Nevertheless, the hydrotreating per

formance in a one-step run with both catalysts

loaded in series was very close to the results

obtained after a two-step run. Since the one-

step process with the two catalysts loaded in

series is preferable from a technological view

point, all experiments were performed in the

one-step mode.

Effects ofOperating Conditions on

Hydrotreating Performance of Demetalized

Shale Oil

The major parameters affecting the shale oil's

hydrotreating performance are temperature and

space time. The study of the effects of operat

ing conditions on shale oil hydrotreating per

formance was carried out varying the tempera

ture (340 to 400C) and LHSV (0.5 to 1.5 h"1) at

constant total pressure (150 atm) and

Vw =1,500 NLL*1.

Effect of LHSV on Shale Oil Hydrotreating

Performance

Three consecutive hydrotreating experiments

with demetalized shale oil were earned out at

LHSV of 0.5, 1.0 and 1.5
n"1

keeping other con

ditions constant (150 atm, 480C and

Vw= 1,500 NL L"1). Decreasing the LHSV had

very small impact on the residual sulfur content

in hydrotreated shale oil, namely 99.74 percent

hydrodesulfurization (150 ppm residual sulfur) at

an LHSV of 0.5
h*1

versus 80.0 percent hydro-

denitrogenation (1 ,780 ppm residual nitrogen) at

an LHSV of 1.5 h"1.

The semilog plots of the outlet to inlet nitrogen

content as a function of 1/LHSV for the total

shale oil and its three fractions (less than 250C,

250 to 380C and greater than 380C) indicate

pseudo-first-order kinetics in agreement with the

previous data in the denitrogenation of different

hydrocarbon feedstocks.

The kinetic measurements indicate that the

LHSV range in this study yielded an almost

complete conversion of sulfur. The decrease of

HDN as a result of increasing the LHSV by

passing from a two- to one-step staging mode

was compensated by promotion of HDN activity

of the second catalyst by hydrogen sulfide.

Decreasing the LHSV from 1 .5 to 0.5
h'1

did not

substantially change the distribution of sulfur

and nitrogen between selected shale oil frac

tions. It also did not affect the distribution of

hydrocarbons in oil according to their boiling
points. Hydrotreating had a strong impact on

the structure of shale oil molecules and hydro

carbons composition. The fraction of aromatic

protons and carbons was substantially reduced

after hydrotreating. On the other hand, the

amount of aromatic hydrocarbons increased

after hydrotreating by a factor of 1.21 for the

light fraction and 1 .48 for the medium fraction.

The Israeli shale oil contains comparatively
large amounts of organic sulfur compounds

reaching 37.2 to 44.0 weight percent. Most of

them are saturated alkylsulfides (the ratio of
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TABLE 1

CHARACTERISTICS OF THE RAW, PRETREATED AND HYDROTREATED SHALE OIL

Raw Demetalized

Hvdrotreated

Shale Oil Characteristics DMN-1 DMN-1
HTN-13"

DMN-1
HTN-131

Density (15C) (g/cnrf3) 0.9823 0.9791 0.8634 0.8217 0.8207

Elemental Analysis (wt.%)
Sulfur 6.52 5.82 0.1500 0.0075 0.0160

Nitrogen 0.92 0.89 0.2100 0.0250 0.0080

Hydrogen 9.74 10.17 12.52 13.00 13.10

Carbon 78.35 80.31 87.10 86.93 86.90

Oxygen 4.47 2.81 _ _

Solids (wt.%) 2.05 _ _ _.

Distillation (C) (ASTM D2887)
IBP 168 155 90 68 66

10% 227 224 164 143 145

50% 344 342 301 273 270

90% 481 479 425 401 405

FBP 588 537 525 515 517

Kinematic viscosity, est

at40C 20.59 17.74 2.88 2.30 2.32

at50C 14.05 12.56 2.15 2.02 2.06

Bromine Number (gBr2 lOOg'1) 77.5 38.8 _

Water Content (wt.%) 0.22 0.27 _

n-Heptane Insolubles (wt.%) 2.16 1.1 0.0 _ _

Toluene Insolubles (wt.%) 0.17 0.00 0.00 _

Metals Content (ppm)
As 28 <1

Fe 35 <5 _ _

Ni 24 <5 - - -

"Two separate stages

bCatalysts loaded in series

alkylsulfides to thiophenes was 3.94 to 6.75).

The most significant conversion during the shale
oil hydrotreating is the complete hydrogenolysis

of saturated sulfur compounds and alkylsulfides,

yielding paraffins, the concentration of which in

the shale oil fractions was increased after hy
drotreating by a factor of 5.6 to 6.1. In the light

fraction (less than 250C), 50 percent of them

are normal paraffins, while in the medium frac

tion (greater than 380C) the normal paraffins

are 72.5 percent of their total content.

Effect of Temperature on Shale Oil

Hydrotreating Performance

Four consecutive hydrotreating experiments

with demetalized shale oil were carried out at

temperatures of 340, 360 and 400C keeping
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other conditions constant (150 atm,

LHSV = 0.5
h*1

and VH2 = 1,500 NL L*1). In

creasing the temperature did not significantly
change the outlet sulfur concentration: 99.4 per

cent hydrodenitrogenation (370 ppm residual

sulfur) at 340C versus 99.8 percent hydrodeni

trogenation (112 ppm residual sulfur) at 400C.

In the case of denitrogenation, the effect of

temperature was much more significant:

71 .8 percent hydrodenitrogenation (2,500 ppm

residual nitrogen) at 340C versus 99.9 percent

hydrodenitrogenation (7.5 ppm residual nitro

gen) at 400C. This allowed a calculation of the

pseudo-first-order hydrodenitrogenation rate

constants.

While hydrotreating at
340

did not shift the

sulfur distribution substantially, increasing the

temperature decreased the sulfur content in the

light and heavy fractions. Hydrotreating at

340C did not change the nitrogen distribution.

While hydrotreating at 340C did not shift the

sulfur distribution substantially, increasing the

temperature yielded a redistribution of nitrogen

as a result of the higher reactivity of heavy ni

trogen-containing compounds and the enrich

ment of the light fractions by low-molecular ni

trogen compounds.

Increasing the temperature yielded a substantial

redistribution of hydrocarbons in oil according to

their boiling points. The contact of the diesel

fraction 150 to 380C in the liquid product in

creased from 70.0 (340C) to 82.6 volume per

cent (400C) lowering the residual, which de

creased from 19.5 to 6.8 volume percent. The

naphtha content increased from 14.8 to about

25.0 volume percent. This means the tem

perature is a more effective process variable

than LHSV in controlling the fuel yields, espe

cially jet and diesel fuels.

Catalysts'

Stability, Mass Balance and Fuels

Yields

No deactivation of the catalysts was detected

over a period of 400 h on steam. Moderate de

crease in surface area of both catalysts by about

20 percent was observed as a result of partial

pores blocking by coke deposits. The yield of

liquid product C5+ was 89.9 weight percent while

gas yield (CrC4) was only 2.4 weight percent.

The overall yield of motor fuels at conditions

selected for the long-run test was 74.8 weight

percent of 90.8 volume percent. The highest

fuel fraction was diesel (65.5 weight percent

yield per raw shale oil) while the yields of jet fuel

and gasoline were 22.5 and 9.3 weight percent,

respectively.

Motor Fuels Composition and Quality

About 15 liters of the liquid product collected

during the last 338 h of the stability test at con

stant conditions after stripping with nitrogen was

separated into four fractions by atmospheric

distillation: gasoline (IBP to 180C), jet fuel (180

to 280C, diesel fuel (150 to 380C), and atmos

pheric residue (greater than 380C).

The naphtha derived from hydrotreated shale oil

complies with gasoline specifications for den

sity, sulfur content and gum presence. It does

not meet the specifications for vapor pressure

(5.5 psi) at 6.5 to 8.5 psi as a result of high IBP

and 10 percent BP resulting from the very low

content of Cs/C6 hydrocarbons. It also does not

meet the RON specifications (72) with a RON of

91 to 96. This means that the naphtha fraction

obtained from shale oil could not be used di

rectly as a motor gasoline without reformation

and mixing with light petroleum naphtha to cor

rect the RON and Reid vapor pressure.

Jet and diesel fractions meet all quality tests as

fuels. The diesel fuel meets even the current

specifications for sulfur content less than

0.05 weight percent, introduced recently in the

United States and Western Europe. These

fractions could be directly used as motor fuels

without upgrading. Because stability tests were

not performed, the addition of some stabilizers

such as antioxidants could be needed to im

prove the storage characteristics. The residual

fraction that boiled out in the temperature range

380 to 515C contained 50 ppm sulfur and

90 ppm nitrogen. This is an excellent feedstock
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for FCC or hydrocracking processes that could

produce additional amounts of qualified motor

fuels.

RESOURCE

SHALE RESOURCES IN TURKEY ASSESSED

The Hatildag-Bolu lacustrine basin in GOynUk,

Turkey, contains important resources of oil

shale. Geochemical and petrographic analyses

of core samples from the Hatildag oil shale field

in southeastern GOynuk-Bolu, Turkey, were

completed in an attempt to resolve the nature of

Hatildag oil shales. The results were summa

rized by M. Sener and I. Senguler of the Gen

eral Directorate of Mineral Research and Explo

ration, Ankara, Turkey, in an article in Fuel,

Volume 77, Number 8, pages 871-880.

The east and west trending Hatildag oil shale

field is located on the central part of Sakarya

continent. The succession is considered to be

850 meters (m) in thickness (Kizilcay Group)
and is divided into Agsaklar, Kabalar and

Daghacilar formations of Kizilcay Group. The

Kabalar Formation is divided into the following
lithologic members: marl member, oil shale

member, and siltstone member. The oil shale

member is 75 m thick and at the middle part of

the Kabalar Formation. The member is com

posed of marl, bituminous marl (BM) and eco

nomic grade oil shale (EGOS) intercalated with

thin bedded tuff and lignite. The valve-like

structures formed by light (gray colored marl)

and dark (brownish colored BM and EGOS) col

ored laminae are the most common sinsedi-

mentary structures (microslump, microfolds,

etc.) and microtectonic structure. The bitumi

nous rocks from Hatildag are mostly brown,

brownish gray, dolomitic marl, and bituminous

mart. Stratification is often indistinct.

Hatildag oil shales are composed of liptinite

(>80 percent), bituminite (5 to 10 percent) and

humunite (5 to 10 percent). The liptinite group

consists of lamalginite (>80 percent),
liptode-

trinite (5 to 10 percent) and colonial alginite

(5 to 10 percent). Sporinite is in trace amounts.

Bituminite is secondary occurrence which
is de

rived by lamalginite.

Economic grade oil shales in the oil shale mem

ber of Kabalar formation have different mineral

assemblages from the other units. The mineral

assemblages are composed of calcite (>60 per

cent), dolomite (40 to 60 percent), quartz and

smectite (20 to 40 percent), accessory amounts

of analcime and feldspar (10 percent) and the

trace amounts of chlorite, mica-illite, and pyrite

(<5 percent). From these minerals, dolomite,

analcime and pyrite are authicenic minerals.

The elementary composition of the oil shale was

determined on two samples. The sulfur content

varies from 1 .32 to 2.37 percent which is rela

tively high. The concentration of arsenic,

harmful as a catalyst poison, is below the detec

tion limit of 0.05 percent. These figures suggest

that the shale oil from EGOS as a possible syn

crude needs no special upgrading before further

utilization. The density of shale oil at 15C is

0.912 grams per milliliter.

The Organic Content (OC) of the bituminous

beds from Hatildag formed in a lacustrine and

limnic environment are of relatively heteroge

neous composition and origin. The content of

OC correlates with the oil content and calorific

value. The relationships between calorific value

and the oil content to the content of OC must

however be established for each deposit by a

sufficiently large number of analyses of the dif

ferent parameters on identical samples. Then

the content of OC alone may be sufficient to

estimate the calorific value and the oil content.

From the organic petrographic studies it was

determined that the main source material for the

oil yield by retorting and also for the total energy
content is the liptinitic organic matter. Apart

from the laminated algae, unexpectedly the

conifer pollen is important, especially in the low

grade oil shale where it is the only source.

Laminated algae are present in the whole sec

tion, but occur in considerable amounts in the

THE SYNTHETIC FUELS REPORT. JULY 1998

34



 



OIL SHALE

EGOS level. When the laminated algae are the sedimented in a lake-like environment together

main component of the organic material, the with a variable amount of clay (smectite,
mica-

content of OC and the oil content can reach illite and chlorite) and the other inorganic con-

considerable amounts. This is the case from stituent (analcime, quartz, calcite, dolomite,

210 to 220 m where the laminated algae occur feldspar, etc.).

rich forming. Normally the organic material was
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PROJECT ACTIVITIES

ORIMULSIONWINS FLORIDA GO AHEAD;

HITS NEW BARRIER

Florida Power & Light (FP&L) won the recom

mendation of a Florida administrative law judge

to allow the utility to bum Orimulsion at one of

its plants. Hearing examiner J. Johnston rec

ommended the use of Orimulsion at FP&L's

Manatee power plant, subject to certain pollution

restrictions and conditions on how the fuel can

be shipped, to Florida Governor L. Chiles in his

134-page opinion issued in April.

FP&L originally applied for a permit to bum

Orimulsion in 1994. Chiles and the cabinet,

acting as the Florida Power Plant Siting Board,

rejected the plan. After an appeal, Judge

Johnston recommended approval of a revised

permit in February 1996, but in September 1997

the Siting Board remanded the permit back to

the Judge for further findings. (See The Sinor

Synthetic Fuels Report, January 1998,

page 3-25.)

The new administrative hearing, which took

place in Palmetto, Florida, in late January and

early February, focused on five key issues re

lating to FP&L's application to convert its

Manatee Facility to Orimulsion. The following is

a summary of Administrative Law Judge

Johnston's conclusions and findings:

The first issue pertained to FP&L's re

vised transportation plan, which would

use rail and barge as a means of deliv

ering limestone and removing gypsum

and fly ash byproducts from the Manatee

plant. The judge recognized the feasibil

ity of rail and barge transport due to new

rail car unloading techniques that were

not available at the first hearing in 1995.

The judge concluded that the revised

rail/barge transportation plan would have

no impact on local communities.

The second issue examined air emis

sions, specifically the technical feasibility

of further reductions of NOx and particu

late matter, in addition to an analysis of

the size, possible increase, and effect on

health and environment of fine particu

lates. The administrative law judge con

cluded that, "Development of NOx emis

sions control technology and upgrading

ofthe ESP (Electrostatic Precipitator) for

the project further minimize, through the

use of reasonable and available meth

ods, adverse effects on human health

and the environment

The third issue focuses on the impacts of

a large-scale Orimulsion spill on various

marine habitats in Tampa Bay. While

acknowledging that an Orimulsion spill is

unlikely to happen, Judge Johnston con

firmed that because Orimulsion does not

form a slick, as does Number 6 fuel oil,

spill response teams would have more

time to contain and recover an Orimul

sion release before it would reach shal

low areas. Moreover, Judge Johnston

concluded that, "In all scenarios studied,

the shallow water and nursery areas ex

posed were at least 5 times, and in most

cases 10 to 100 times, less for Orimul

sion than for Number 6 fuel
oil."

The fourth issue involved FP&L's pro

posed Vessel Traffic Information System

(VTIS). Even without factoring in this

important navigational system, the ad

ministrative law judge recognized risks of

a large-scale spill to be 4 times less than

the current risk of a Number 6 fuel oil

spill. Due to their commitment to ship

ping safety, Bitor America will provide

the financial backing for the VTIS, which

will benefit all ships entering Tampa Bay.

The final point addressed in the recom

mended order was the anticipated finan

cial effect upon FP&L's customers in

light of the new conditions (including
other project refinements). The admin

istrative law judge recognized that there

would be substantial net savings for

FP&L customers due to the conversion

to Orimulsion.
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A final decision on the use of Orimulsion in the

plant again returned to Florida's Siting Board.

In June, however, the Board voted to deny the

permit by a six-to-one vote. Bitor America Cor

poration, which supplies Orimulsion and pro

vides technical expertise on its use to electricity

providers, has announced that it will continue to

pursue the Florida project.

If the project is ultimately granted a permit,

FP&L would need 20 to 22 months to retrofit the

Manatee plant for Orimulsion, and at the same

time, Bitor would build a new production facility
in Venezuela to supply the plant with Orimul

sion. The Orimulsion plant is to be built by Bitor

in Venezuela in conjunction with Statoil, the

Norwegian state-owned oil company; Conoco, a

subsidiary of Dupont E.I. de Nemours & Co.;

and Jandis, a Venezuelan engineering com

pany. Valued at $320 million, the plant will pro

duce 5.2 million tonnes per year, with the

Manatee plant taking about 4 million tonnes per

year of the plant's production.

Guatamala

In another development involving Orimulsion,

Constellation Power Development, the devel

opment subsidiary of Baltimore Gas & Electric,

has signed an 18-year power purchase agree

ment with Empresa Electrica de Guatemala, an

electricity distribution company. Under the

terms of the deal, Constellation will build new

power generation facilities and modernize two

existing plants.

In the first three-year phase of development,

Constellation will build a 65-MW plant. The

plant will initially bum Number 6 fuel oil while

testing Orimulsion. The Orimulsion tests are to

last through 1999, then plans are to switch over

permanently. During the second phase of de

velopment, which is to last 15 years, Constella

tion plans to build a steam plant to produce

120 to 150 MW.

Denmark

Denmark's SK Power, the energy development

arm of Sjaellandske Kraftvaerker (SKA), is

studying the feasibility of converting its 300-MW

Asnaesverket coal-fired power plant to Orimul

sion. SK Power has a $200 million, three-year

contract for 1 .6 million tons per year of the
bi-

tumen-in-water fuel. SK Power officials put the

cost of a redesign at between $15 to $20 million.

Cost savings are estimated at 5 to 6 percent, or

$10 million a year. The company contends that

the redesign could reduce C02 emissions from

the coal-fired plant by 15 percent annually,

which would make Orimulsion cleaner to bum

than the Polish coal burned by the plant cur

rently.

SYNCRUDE GREENLIGHTS $900 MILLION

AURORA MINE EXPANSION

In June Syncrude Canada Ltd. approved the

capital expenditure of $900 million to develop
the Aurora Mine and proceed with debottle

necking work in Syncrude's crude oil upgrader

plant. The Aurora Mine is scheduled to start up

in 2000 and will supply oil sand feedstock to

increase crude oil production from the current

80 million barrels per year to 94 million barrels

per year.

The operation will include an integrated truck-

and-shovel operation and a new low energy ex

traction process which will operate at tempera

tures well below the current 80C. These inno

vations will result in improved energy efficien

cies and will see C02 emissions fall by
25 percent per unit of production between 1990

and 2006.

The Aurora Mine is part of the $6 billion Syn

crude 21 integrated suite of investments, which

also includes plans for future Upgrader expan

sions. Upon completion, Syncrude operating

costs are expected to be in the C$9 to C$10 per

barrel range for new production including up

grading, down from the current C$14 per barrel.

By 2007 production capacity is predicted to in

crease to 155 million barrels per year.
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SYNSHIFT/SYNSAT UNIT SELECTED FOR

FORT MCMURRAY

SynShift/SynSat technology from ABB Lummus

Global and Criterion Catalyst Co. L.P. has been

selected by Syncrude Canada Ltd. for its new

75,000 barrel per day light gas oil hydroproces-

sor unit. The unit is part of a major expansion

of the syncrude upgrader plant at Fort McMur

ray, Alberta, which will increase crude oil pro

duction from 110 to 175 million barrels per year.

The process design will incorporate Criterion's

SynCat/SynShift catalysts and Lummus's inte

grated 2-stage reactor system. The new unit will

process a blend of gas oil streams from existing

facilities, and will saturate the aromatics in the

feed stream causing partial conversion of the

heavy feed components to distillates. This

technology will produce an improved syncrude

sweet blend as K yields higher cetane index die

sel product and higher smoke point kerosene

product.

CORPORATIONS

crude prices, increased depreciation related to

recent capital additions and increased volume-

related expenditures.

For the fourth consecutive year, Oil Sands

achieved record production of light sweet and

other crude oil products. During the year work

continued to expand production capabilities. A

30-day planned maintenance shutdown in May
was completed on schedule and on budget.

During the shutdown, tie-in work for expansion

projects was completed. Production averaged

88,100 barrels per day (bpd) following shut

down, with production projected to increase to

105,000 bpd by the end of 1998.

Despite the shutdown, record annual production

of 29 million barrels surpassed Oil
Sands'

previ

ous record of 28.4 million barrels achieved in

1996. Average production in 1997 was

79,400 bpd compared with 77,600 bpd in 1996.

Sales volumes increased to 78,100 bpd, up

from 78,000 bpd in 1996.

Cash costs per barrel decreased in 1997 to

$14.75 from $15.75 in 1996. The decrease re

sulted primarily from record production and a

return to normal sustaining capital spending

levels.

SUNCOR OIL SANDS EARNINGS GROW

9 PERCENT IN 1997, DIP IN EARLY 1998

During 1997 Suncor Energy achieved its fifth

consecutive year of growth in production, earn

ings and cash flow. The company set a new

record for total oil and natural gas production of

119,700 barrels of oil equivalent (boe) per day,

up from 1996's 116,500 boe per day. Consoli

dated earnings rose to $223 million, up 19 per

cent from $187 million in 1996. Cash flow from

operations increased to $575 million from

$491 million in 1996.

Oil Sands 1997 Highlights

Oil Sands increased earnings to $179 million in

1997, up 9 percent over 1996. The primary

factor contributing to the increase was reduced

royalties, which were partially offset by lower

Investing activities increased $221 million over

the $310 million in 1996. This reflects increased

spending on the current Steepbank mine and

fixed plant expansion, expenditures related to

Project Millennium, and costs associated with

the planned 30-day maintenance shutdown. In

1997 Oil Sands invested $348 million on the

Steepbank Mine and fixed plant expansion proj

ects. In 1998 Oil Sands plans to invest almost

$500 million in growth projects. These include

the current Steepbank Mine, as well as continu

ing work on Project Millennium.

Suncor believes phased growth is the best ap
proach to building shareholder value. The fol

lowing description outlines the various phases of

Oil Sands growth that began in 1993:

The initial phases of Oil Sands expan

sion, up to the completion of the 1997

planned maintenance shutdown in May
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of 1997, involved various capital projects

that increased production from 59,000 to

over 85,000 bpd.

The phase currently in progress involves

the Steepbank Mine and fixed plant ex

pansion at the cost of $660 million. This

phase is expected to increase daily pro

duction to 105,000 bpd by the end of

1998. It includes the new bridge com

pleted in 1997, which crosses the

Athabasca River and connects the

Steepbank Mine to Suncor's Oil Sands

plant.

The $2.2 billion Project Millennium, an

nounced in July of 1997, will build on the
Steepbank Mine and fixed plant expan

sion in two further phases of growth.

The first phase of Millennium, called the

production enhancement phase (PEP), is

designed to increase production to

130,000 bpd in 2001. PEP is estimated

to cost $190 million.

The second part ofMillennium will be the

biggest phase of growth to date at Sun

cor's Oil Sands operation. The current

plan calls for an expanded mine, addi

tional mining equipment, increased en

ergy services support, and twinning of

the bitumen extraction and upgrading

processes. This $2 billion phase of Proj
ect Millennium is designed to increase

Suncor's oil sands production to

210,000 bpd in the year 2002, with an

estimated capability of 35 years of pro

duction at this level. As production

reaches 210,000 bpd, economies of

scale, and technological and reliability

improvements are targeted to reduce

cash costs to the $10 to $11 per barrel

range.

First Quarter 1998 Highlights

Despite a 30% drop in oil prices, Suncor En

ergy's first quarter 1998 earnings declined only
17 percent to $50 million ($0.46 per share),

compared to 1997 first quarter results of

$60 million ($0.54 per share). Excluding non-

operational gains, operating earnings were

$48 million, compared with $55 million in the

first quarter of 1997.

Oil Sands posted another record first quarter

production level, averaging 91,800 bpd, com

pared with an average of 81 ,300 bpd in the first

quarter of 1997. Oil Sands earnings were

$50 million for the quarter, compared with

$51 million in the first quarter of 1997. The im

pact of weaker oil prices was largely offset by
record sales levels and lower unit costs.

Record production levels drove cash costs down

to $12.00 per barrel for the quarter compared to

$14.50 per barrel for the first quarter of 1997.

Suncor's Oil Sands business continues to target

an average cash cost per barrel of $13.25 for

the year. Cash costs for the balance of the year

are expected to be higher because of the sea

sonal nature of maintenance and project activi

ties.

Regulatory approval to proceed with construc

tion of the Wild Rose Pipeline was received on

April 17, and work is expected to begin immedi

ately. Wild Rose Pipe Line Inc. is a wholly

owned subsidiary of IPL Energy Inc. The pipe

line will be used to ship Suncor's oil sands pro

duction to North American markets.

During the quarter, Suncor signed an agreement

with Novagas Canada Limited Partnership
(NCL) for NCL to develop an

"off-gas"

extraction

plant near Fort McMurray (Canada). NCL will

fund and construct the plant. The agreement is

expected to provide Suncor with a source of

revenue from the sale of these gas byproducts

and their transportation to NCL's Redwater frac

tionation facility.

SUNCOR SELLS 1 MILLION TONNES OF

PETROLEUM COKE TO JAPAN

Earlier this year Suncor Energy Inc. finalized an

agreement to sell approximately 1 million ton

nes of petroleum coke to Sumitomo Canada

Ltd. and Ube Industries Ltd. over the next
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5 years. Sumitomo is the purchasing agent for

the coke, which will be used by Ube Industries

to produce ammonia. Currently Ube Industries

purchases about 500,000 tonnes per year of

petroleum coke from suppliers in the United

States, Venezuela and Japan. Because petro

leum coke is a vital raw material for producing

ammonia, Ube wanted to diversify its supply

source and stabilize the price. Suncor sent a

trial shipment of coke to Ube Industries in July
1997 to ensure the product met conditions for

ammonia production. The financial terms of the

sale agreement are not being disclosed.

Petroleum coke is produced at Suncor's Fort

McMurray oil sands plant when bitumen is

heated to create hydrocarbon vapors that in turn

are used to produce a variety of oil products. A

byproduct from the process is coke a high

sulfur fuel similar to coal. Some of the coke is

used as a fuel source at the Suncor plant; the

rest, about 800,000 tonnes per year, is stock

piled. Currently, the coke pile is estimated to

contain 5 million tonnes. Suncor is evaluating

options for dealing with the rest of its coke, and

expects to file a long term coke management

plan with Alberta regulators later this year.

In 1996 Suncor spent nearly $200 million to

eliminate about 95 percent of the sulfur dioxide

emissions that were once emitted when the

coke was burned as fuel. Before agreeing to the

coke sale, Suncor confirmed that Ube Industries

had an environmental management plan that

met the same standards.

TECHNOLOGY

MILD HYDROTREATING STABILIZES

SYNTHETIC CRUDE OIL

The refining industry in North America is con

sistently moving towards the utilization of

heavier feedstocks for the production of syn

thetic crude. Current production of synthetic

crude oil from oil sands and heavy oils is

achieved by hydrogen addition as well as by
carbon rejection technologies.

The primary products from the heavy feedstocks

require different degrees of hydrotreating to

obtain transportation fuels that meet current

specifications. The hydroprocessing of bitumi

nous materials and residues results in coke

deposition on the catalyst as well as sludge for

mation in the product oil. The products obtained

are rather unstable, generally described as stor

age instability. Storage stability of hydrocarbon

fuels refers to their tendency to produce colored

species, soluble gums and insoluble sediment

during storage.

P. Rahimi, of the National Center for Upgrading

Technology, Devon, Alberta, Canada, et al. dis

cussed the storage stability of hydrocracked

products from the residues of Canadian heavy
oils or the synthetic crude so blended after hy

drotreating the hydocracked distillate fractions

at the
215th

American Chemical Society Na

tional Meeting held in Dallas, Texas, March 29

through April 2.

The feedstock for this study was 50/50 Cold

Lake/Llyodminster atmospheric residue

(399C+). The residue was hydrocracked to

distillate fractions using a continuous bench

scale stirred tank reactor. The hydrocracked

materials were distilled into naphtha, jet-fuel,

diesel, gas oil and residue to obtain fractions

which were tested for storage and color stability,

and were further characterized to identify mate

rials causing instability.

Effect of Hydrocracking

The hydrocracking of the feedstock resulted in a

66.7 percent conversion of material boiling
above 524C. The asphaltene content which is

more or less a measure of the hydrogen defi

ciency of an oil was reduced to one third of its

original value after hydrocracking and mainly
remained in the 524C+ fraction. The increase

in the hydrogen to carbon ratio after hy
drocracking was synonymous with the decrease

in the asphaltene content. The viscosity and

density of the hydrocracked materials decreased

as expected. Hydrocracking reduced the total
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nitrogen in the feed, but the basic nitrogen in

creased. Some nitrogen compounds have been

known to contribute to fuel instability, while oth

ers are inert.

Effect of Hydrotreating

The hydrotreating was carried out on the naph

tha-jet fuel fraction as well as the diesel-gas oil

fraction. The hydrotreating step not only re

moved the heteroatoms (S.N.O), but also re

fined and stabilized the products. Sulfur was

released in the form of H2S, nitrogen in the form

of NH3, and oxygen in the form of H20.

Stability Test

Total Insolubles: The oxidation stability data

for the naphtha-jet fraction indicate that the total

insolubles were much higher in the unhydro-

treated material than in the hydrotreated sam

ples. This data confirmed that hydrotreating
stabilized the reactive hydrocarbons thereby

rendering them less reactive than they other

wise would have been. In the unhydrotreated

naphtha jet fraction, after 60 days of storage

time, the total insolubles increased from 0.03 to

19.2 milligrams per 100 milliliters (mg/100 ml),

whereas in the hydrotreated sample the total

insolubles were 0.25 mg/100 ml after storage for

60 days. In the unhydrotreated gas oil fraction,
the total insolubles were 15.9 mg/100 ml after

60 days of storage, while for the hydrotreated

sample, the total insolubles were only
3.6 mg/100 ml after 60 days of storage.

Existent Gum: It is generally believed that the

products of initial oxidation, probably peroxides,

catalyze the oxidation of normally less reactive

hydrocarbons to increase the rate of gum for

mation. The existent gum in the naphtha-jet

fraction decreased from 8.8 mg/100 ml before

hydrotreating to zero after hydrotreating. After

storage of the unhydrotreated fraction for

60 days, the existent gum as 142 mg/100 ml as

opposed to a hydrotreated sample stored for the

same 60 days which has 0.80 mg/100 ml.

Color: Color is one of the most distinguishing
characteristics of untreated hydrocracked distil

lates. On distillation after hydrocracking, the

naphtha-jet fraction is from clear to pale yellow.

However, when exposed to ordinary room con

ditions, this hydrocracked fraction will start to

darken and also to deposit gum. Color change

is therefore indicative of the aging of the sam

ple. The naphtha-jet fraction before hydrotreat

ing had a color number of 0.5 to 1 .0 and after

hydrotreating the color number was reduced to

zero. The gas oil fraction had a color number of

3.5 to 4.5 before hydrotreating, and after hydro-

treating the color number was reduced to 1 .5 to

2.0.

Viscosity: The viscosity of the fractions is influ

enced more by storage time than by hydro-

treating. Both the naphtha-jet and the gas oil

fractions showed an increase in viscosity with

storage time.

Aniline Point: Aniline point usually increases

slightly with the molecular weight and boiling
point of a sample, and it increases rapidly with

the parafflnicity of oil samples. The higher ani

line point value denotes a lower aromatic con

tent and a higher paraffin content. A higher ani

line contentwas observed after hydrotreating for

both the naphtha-jet and the gas oil fractions.

Overall, the monocycloparafflns are being con

verted to dicycloparaffins, leaving a decrease in

the paraffmic content after aging. Both the

mono- and di-aromatic constituents of the dis

tillates increased at the expense of the paraf

fmic components, which suggests that saturated

paraffmic components undergo some form of

condensation with aromatic constituents.

Conclusion

The study results show that the deterioration of

the fuel through storage manifested itself in

color change, development of soluble and in

soluble gum, and changes in the physical and

chemical properties of the fuel, including vis

cosity, density, nitrogen, sulfur, aromatics and

asphaltene content. The results obtained also

suggest that hydrocracked or thermally cracked

materials should be hydrotreated/processed as

quickly as possible. The detailed hydrocarbon-

type analyses of different fractions before and
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after hydrotreating showed that hydrotreating
reduced refractory materials, including polar

compounds, that cause storage instability.

RECOVERY DOUBLES: COST DROPS

30 PERCENTWITH SAGD TECHNOLOGY

Steam-Assisted Gravity Drainage (SAGD)
stands out as an enticing and economically vi

able development method for operators holding
heavy oil and tar sand properties worldwide,

even in the current climate of lower heavy oil

prices. Recoveries of 55 to 80 percent original-

oil-in place (OOIP) are possible compared with

5 to 15 percent for conventional recovery meth

ods, and 18 to 30 percent for enhanced thermal

recovery methods. SAGD production rates of

200 to 1 ,400 barrels per day (bpd) have been

recorded compared with 0 to 100 bpd for non

thermal recovery in the same fields. Both fac

tors combine to achieve production cost reduc

tions of 30 percent or more. Drilling and com

pletion costs generally run around 20 percent of

the total cost of the project.

The challenge for SAGD technology lies in

finding the right reservoir. This challenge holds

true whether SAGD technology is applied to un

developed areas of the reservoir, or is used to

clean out oil left behind by less efficient recov

ery processes.

T. Grills of Sperry Sun Drilling Services re

viewed emerging technologies for SAGD drilling
and production in an article in the Journal of

Canadian Petroleum Technology, Volume 37,

Numbers, pages 11-12, 19.

Reducing Steam Requirement

With conventional SAGD, large quantities of

steam are required for production. By injecting

approximately 1 percent of a non-condensable

gas along with the steam, laboratory experi

ments indicate a reduction in steam require

ments on the order of 25 percent. An industry-

funded research project is currently underway

involving eight companies and GravDrain Inc.

Drilling and Production Issues

With cold production of heavy oil, 1 ,000 meter

(m) horizontal sections are common and multi

lateral wells with up to 8,000 m of horizontal

section exist. However, with SAGD, horizontal

lengths of more than 500 m have proven diffi

cult to manage for two reasons. First if product

lifting cannot keep up with production, SAGD

efficiencies are drastically reduced because hot

water, being less viscous than oil, is produced

preferentially. Second, establishing a uniform

steam chamber in pairs longer than 500 m has

proven difficult.

Producing reservoirs with active bottom water

can yield potential recoveries of 75 percent

OOIP. By carefully controlling the steam cham

ber pressure one can minimize formation water

influx into the steam chamber. Several suc

cessful SAGD projects involving aquifers have

been completed.

Accurate well-pair placement and interwell

separation is critical to successful operation

over the lifetime of an SAGD project.

MGT (Magnetic Guidance Tool) and ABI (At Bit

Inclination) are two technologies used to accu

rately position the wells with respect to each

other and maintain a flatter trajectory, thereby
minimizing both start-up and production difficul

ties.

The MGT utilizes an electric solenoid, which

produces a known magnetic field orientation and

strength. The precise range and direction to the

MGT is calculated with measurements taken in

the nearby injectorwell.

Utilization of an ABI sensor gives an operator

several advantages over what can be achieved

with standard sensor packages generally located

approximately 60 feet from the bit. Drilling with

ABI allows the directional driller to monitor build

rates in "near real
time."

Because the sensor is

located just 16 inches from the bit box, one can
make up/down steering corrections almost im

mediately, giving the driller more steering con

trol over the well. This reduces or eliminates

the need for cement plugbacks due to un-
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planned wellpath variations and aids in drilling
level, straight wellbores with less tortuosity.

In Hole Referencing (IHR) techniques are also

employed to more accurately position well pairs

with respect to each other and to surface loca

tions such as observation wells. Knowing the

proximity accurately allows the operator to track

the steam chamber performance against mod

eled assumptions and make better judgments

on adjustments to injection and production pa

rameters.

Conclusion

As more operators use SAGD technology, large

reserves previously considered uneconomical

will be recovered. Grills concludes that the

technology to drill and produce SAGDs with a

great deal of accuracy is here today and is rap

idly expanding to meet future industry needs.

IN SITU BITUMEN TEST MAPS EFFECTS OF

STEAM ON OIL COMPOSITION

As a thermal method of improved oil recovery,

in situ combustion has the advantage of deliv

ering heat to a formation very efficiently. To

help develop efficient strategies for in situ com

bustion it is important to understand its many

mechanisms and their impact on oil recovery.

The combustion steam fronts affect oil produc

tion during in situ combustion. During dry com

bustion, the steam zone may be small, particu

larly in thin reservoirs. In this case, the com

bustion and steam fronts act almost as a unit.

During wet combustion, however, when water is
injected behind the combustion front to scav

enge heat and deliver it in the form of steam to

the oil-bearing zone, the steam front can ad

vance well ahead of the combustion front.

A novel series of combustion tube tests was

conducted to show the effects of each front in a

representative reservoir of bitumen. N. Freitag
and D. Exelby of the Saskatchewan Research

Council discussed the results of this study in an

article in the Journal of Canadian Petroleum

Technology, Volume 37, Number 4,

pages 25-32.

The aim of this study was to identify the effect

of the combustion front by comparison of com

bustion tube tests with another test that was as

nearly identical as possible but in which no

combustion occurred. The Grand Rapids bitu

men formation from the Wolf Lake Field at Cold

Lake, Alberta, Canada, was evaluated. The

reconstituted core packs from the bitumen res

ervoir burned stably once air injectivity was es

tablished.

In all runs, the properties of the produced oil

varied only modestly until the steam front

neared the end of the tube. Thereafter, in the

last one or two samples, the properties changed

substantially for both the combustion and the

steam-gas tests. The simulated distillation

curves measured for several of the Wolf Lake

oil samples (Figure 1) showed that the last one

or two oil samples were enriched in material

boiling below 350C. This was a sign of steam

distillation. The phenomenon of steam distilla

tion has long since been identified as being im

portant during steamflooding. Its action has

been suggested to be responsible for the low

residual oil saturations observed in field appli

cations.

Simulated distillation curves were used to esti

mate the incremental oil production from steam

distillation. For the combustion run, simulated

isolation tests showed that steam distillation had

affected at least the last two of the six samples

(Figure 1). Matching the 400 to 525C cuts indi

cated that steam distillation provided an addi

tional 29.2 percent of oil to the second-last

sample, and 44.77 percent to the last sample. It

was calculated that steam distillation contributed

2.03 percent of original-oil-in-place (OOIP) to

the production.

For the Wolf Lake steam-gas run, the viscosity

and saturates, aromatics, resins, asphaltenes

(SARA) measurements indicated that again the
last two samples were affected by steam distil

lation. However, the simulated distillation curve

was measured for only the last sample, in which
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FIGURE 1

BOILING POINT DISTRIBUTION OF OIL PRODUCED

DURING THEWOLF LAKE COMBUSTION RUN

Forced Match of

Amounts "Soiling
Between 400 and 525*C

100 200 300 400 500

Midpoint Temperature of Interval (*C)

600

SOURCE: FREITAQANDEXELBY

distilled saturates represented 1.24 weight per

cent of the OOIP. This was less than the total

amount of steam-distilled oil, but even when the

unknown contribution from the second-last sam

ple was ignored, the results showed that the

combustion front could have generated no more

than 39 percent of the total distilled saturates.

Two things are still apparent from these data,

say Freitag and Exelby:

The changes in oil quality observed be

fore steam breakthrough were due more

to steam distillation of light components

in the original oil than to pyrolysis or any

upgrading action near the combustion

front.

The contributions made by steam distil

lation to the overall oil recovery up to

steam breakthrough were small.

Because the runs were stopped when steam

broke through to the production end of the com

bustion tube, no results were obtained for oil

production after this point. By examining the

contents of the post-run tube, useful indications

of further potential production could be ob

tained. In the combustion run, an oil bank was

found between the final location of the combus

tion front and the end of the tube; more specifi

cally, the oil bank in the Wolf Lake run had just

reached the tube outlet. Using the assumptions

that all oil left in the combustion run would have

been either burned at the same fuel requirement

as observed or else produced, an ultimate po

tential recovery of 84.8 percent was estimated

for Wolf Lake. The corresponding recovery in

the steam-gas displacement run was 47.3 per

cent. Thus, producing the oil banks created by
the combustion fronts would have increased oil

production by 79 percent forWolf Lake.

The Wolf Lake oil in the oil bank ahead of the

combustion front contained a high saturates

content. The simulated distillation curves of the

saturates and aromatics separated from the oil

banks strongly suggested that much of this oil

had been distilled forward by the heat from the

combustion front. Very little material that boiled

below 275C was present, as would be expected

for oil exposed to steam. Furthermore, the

boiling point distribution of the oil ahead of the

hotter Wolf Lake combustion front was shifted

towards higher temperatures.
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Discussion

The results shown here indicate that, for bitu

men, steam distillation contributes very mod

estly to the oil recovery that occurs before

steam breakthrough during in situ combustion.

More important is the potential effect of the

combustion front upon oil recoveries. Produc

tion of the oil bank ahead of the combustion

front can contribute substantially to oil recovery,

since the combustion front displaced much of

the large quantity of residual oil left behind by
steam and gas drive. Moreover, this oil bank

appears to be predominantly enriched in its

saturates content.

As a result, the quality of the oil from this oil

bank is likely to be substantially better than that

of the original crude oil. Therefore, it appears

best to regard the combustion front as a useful

contributor to oil displacement whenever strate

gies for fireflooding bitumen are being devel

oped.

Finally, the large overlap of the simulated dis

tillation curves for saturates and aromatics frac

tions raises a caution for the modeling of in situ

combustion, say the authors. From chemical

principles alone, saturates and aromatics will

arguably pyrolyze and oxidize at substantially

different rates. Thus, the chemical reactions of

the different types of constituents in oil need to

be studied and incorporated into a model before

generally reliable predictions of the combustion

characteristics can be made.

VAPEX SOLVENT INJECTION PROCESS

RECOVERS OILWITHOUT HEAT

The Vapex (vapor extraction) process is

emerging as a viable alternative to thermal pro

cesses for the recovery of the huge resources of

heavy oil and bitumen. The energy efficiency of

thermal processes, including steam-assisted

gravity drainage, limits their economic success

in thin reservoirs due to excessive heat losses

to the cap and base rocks. In low porosity car

bonate rocks, a significant mass of rock has to

be heated per barrel of oil produced. The

Vapex process may be the only viable recovery

technique for reservoirs which are not amenable

to thermal methods, e.g. reservoirs underlain by
large aquifers.

The process involves injection of solvent vapor

in the reservoir, usually using a horizontal well.

The solvent dissolves in the native oil and re

duces its viscosity by orders of magnitude and

the diluted oil drains to a horizontal production

well by gravity. Low molecular weight hydro

carbons like ethane, propane, butane and mixed

gases are effective solvents for the process.

The Vapex process has several attributes that

make it uniquely well suited for application in

heavy oil and bitumen reservoirs. Some of

these include:

The process operates at the reservoir

temperature and pressure.

The process is highly energy efficient,

consuming only about 3 to 5 percent of

the energy required in a typical steam

process.

The Vapex solvent can be recovered

from the produced oil by simply heating
a low pressure separator for recycling.

In the Vapex process, it is possible to

partially deasphalt the heavy oil and

leave behind higher molecular weight

asphaltenes in the reservoir, making
downstream operations easier.

The Vapex process was originally conceived at

the University of Calgary by R. Butler. Butler

and I. Mokrys, also of the University of Calgary,
expanded on this concept with the development

of a closed-loop extraction method. Their re

sults were reported in the Journal of Canadian

Petroleum Technology, April 1998, Volume 37,
Number 4, pages 41-49.

In previous papers the authors described the

results of injecting saturated ethane or propane

vapors into a sealed two-dimensional model to
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recover heavy oils and bitumen at or slightly

above the reservoir temperature. In this paper,

a development of a closed loop extraction is

described and a technique for spreading the

hydrocarbon vapor underneath the oil-bearing

payzone is proposed to simulate the perform

ance of a planar well.

The scaled model results for Peace River bitu

men are summarized here. Several runs with

and without water injection into the underlying

bottom water were carried out in the scaled

model packed with sand, having a permeability

of 43.5 Darcy using Peace River bitumen. In

both runs propane was injected into a wide wa

ter channel created at the bottom of the cell.

The vertical thickness of this aquifer was typi

cally about 20 percent of the payzone. There

was no water injection with the propane in the

runs. Water was produced only in the first two

or three samples as diluted oil collected in the

water sand displacing most of the water from it.

After the oil breakthrough water production

ceased.

The oil breakthrough was delayed by four hours

as a result of a slow build-up of propane pres

sure to the working pressure of 120 psig. About

half of the total propane consumption for the run

occurred during the first hour to form the incipi

ent saturated vapor chamber. This high initial

propane consumption is characteristic of the

aquifer process and does not occur with other

well configurations.

After an initial period during which the propane

spread underneath the oil sand establishing an

initial area of contact with bitumen and displac

ing some water from the water sand, the pro

duction rate initially averaged 129.1 grams per

hour (g/h) (1,088 barrels per day [bbl/dD, de

clining to 3.4 g/h (50 bbl/d) at the end of the ex

periment. The viscosity of the dead

deasphalted bitumen decreased from an initial

value of 126,000 milliPascal seconds (mPa s)
at 20C to 1,900 mPa s at the end, i.e., the pro

duced dead bitumen was more fluid than

Lloydminster heavy oil. This should be a defi

nite economic advantage in pipeline transport

and further processing ofthe produced bitumen.

The viscosity of the draining live oil is largely

determined by the solvent (liquid propane) vis

cosity. This fact and the absence of extraneous

heat makes the horizontal planar well process

particularly attractive for the huge bitumen de

posits located in northern Alberta.

The API gravity of the produced bitumen

showed an increase of almost 6 degrees over its

initial value of 6.3API. The gravity of m situ

upgraded bitumen thus approaches the gravity

of Uoydminster oil. The total heavy metal con

tent of the bitumen (V + Ni + Fe) decreased

from an initial 316 parts per million (ppm) to

128 ppm.

At the end ofthe experiment the cell displayed a

band of oily material at the bottom and a yellow

sand with vertical streaks of deposited asphalte

nes above it. It is important to realize, say But

ler and Mokrys, that although the overall bitu

men recovery was 70 percent, the lighter frac

tions of oil have been recovered more

completely. The remaining 30 percent of gooey

materials left behind as deposits of the reservoir

matrix have a much higher concentration of un

desirable asphaltenes, which contain chemically

bonded heavy metals, than the original crude.

Conclusions

Butler and Mokrys found that the closed-loop

propane extraction technique decreases the

cumulative gas-to-oil ratio from 0.5 to 0.13 as a

result of internal recycling of propane. Make-up
propane vapor is required only to fill the growing

solvent chamber to replace the drained oil.

The heating requirements in the Vapex process

are very low. This compares very favorably
with processes involving the injection of steam

into a cold reservoir where the heat require

ments are two orders of magnitude higher.

The decrease of drainage as a result of lower

sand permeability is less than predicted from

drainage equations for sideways leaching. It is

thought that finer sands promote oil-propane

mixing as a result of providing a larger contact

area for interaction between the components,

say the authors.
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An active aquifer underlying an oil zone makes

the reservoir more valuable because of the op

portunity it offers for spreading a hydrocarbon

vapor solvent directly underneath the oil forma

tion, increasing the vapor-oil contract exten

sively, and improving production rates. In fact,
the formation of a planar well using horizontal

injector and producer results in production rates

comparable to or higher than those obtained in

steam-assisted gravity drainage. Rates on the

order of 2,176 bbl/d are possible from a heavy
oil or bitumen reservoir with a 1 Darcy vertical

permeability when 30 acres are drained.

Since the drainage mechanism for a planar well

involves rising solvent chambers, the rate is

dependent on the area drained. Doubling the

area will double the drainage rate. The limiting
factor in determining the maximum well spacing
is the pressure requirement for establishing the

initial communication between the wells, the

rapid spread of the hydrocarbon vapor and the

pumping capacity for propane input and oil re

moval.

center of an elliptic flow geometry. Their pro

posed analytical model uses a simple linear

gravity drainage flow equation. It also includes

the effect of horizontal conductive heat transfer

from the inner hot zone to the outer warm zone

during soak and production periods. Effects of

several flow reduction factors such as vertical

stream sweep efficiency and fracture parame

ters (height and half-length) are also accounted

for. Two-phase flow was accounted for using

relative permeability in the flow equations.

Three geometric configurations were investi

gated:

Flow into a wellbore at the center of

an elliptical drainage boundary. One of

the limiting physical conditions which

could prevail in the field is that the frac

ture created during injection is com

pletely closed during production without

leaving any residual permeability in the

hot zone. Under this assumption, flow

geometry in the reservoir would be an

elliptical-shaped, confined hot zone with

a well in the center.

MODEL USEFUL IN ASSESSING HEAT AND

FLUID FLOW IN OIL RECOVERY

Cyclic steam stimulation (CSS) is the commer

cial oil recovery process of choice for the Cold

Lake, Alberta, Canada, oil sands. Much of CSS

is performed under fracture pressures, and as a

result, performance predictions are difficult. A

new mathematical model involving analytical

techniques for SCC performance prediction was

summarized by M. Tamim of the Bangladesh

University of Engineering and Technology and

S. Farouq Ali of the University of Alberta in the

Journal of Canadian Petroleum Technology,
March 1998, Volume 37, Number 3,
pages 31-37.

CSS performances under both fractured and

unfractured wellbore conditions were evaluated.

To understand actual flow in the field, the

authors examined flow into a completed closed

fracture which involves a circular well at the

Flow from a finite line-source into a well.

This is an approximation of the elliptical

drainage system with a well at the cen

ter.

Gravity drainage. The other limiting
physical condition is where the fracture

at the wellbore remains fully open during
production, and gravity assisted flow of

this highly mobile hot oil into the fracture

will take place.

Model Description

The model was developed using the following
assumptions:

Saturated steam is assumed to be in

jected into the wellbore at high pres

sures, causing formation parting. Frac

ture half-length is calculated either from

a given fluid leak-off coefficient or ma

terial balance.
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The reservoir is divided into two concen

tric elliptical cylinders around a vertical

fracture at the wellbore. The inner cylin

der, which extends from the fracture face

to the 100C isotherm, is called the hot

zone. The outer cylinder, from the

heated boundary to the drainage bound

ary, is called the warm zone. Drainage

boundary is the isotherm just above the

initial reservoir temperature

(16.0 + 0.01C).

At the end of injection, average tem

peratures and the distances of the iso

therms separating the zones are deter

mined.

During soak and production, conduction

heat loss to the over- and underburden is

calculated. There is no radial heat loss

from the outermost boundary. Average

zone temperatures are calculated from

energy balance equations considering
heat loss due to fluid production, heat

loss to the strata and convection, and

conduction heat exchange between the

zones.

Three different flow equations are used

for the three cases to calculate the flow

in the hot zone. Interface fluid height

and corresponding pressure is calculated

from a material balance equation. It is

assumed that steady-state flow takes

place in both zones during a time step,

the overall flow transient owing to the

pressure variation at the hot-warm in

terface. Flow rates at the beginning of

the time step are assumed constant for

that step.

Heat remaining in the reservoir at the end

of each cycle is added to the injected

heat in the next cycle, keeping the initial

reservoir temperature constant at the

beginning of each cycle.

Results and Discussion

All three flow geometries were tested and com

pared with previous simulation results.

Approximate Solution. An approximate solu

tion was first tested to investigate the elliptical

flow into a well (EFW). Although the oil produc

tion is somewhat lower than the previous simu

lation results (Figure 1), cumulative water pro

duction is well below the simulation value. In

the history-matching effort, more emphasis was

given to match the oil production and let the

water production be according to the relative

permeability distribution.

Exact Solution. The exact solution produced

still lower oil flow volumes (Figure 1), even with

the wellbore fluid height maintained at zero.

From the earlier study, total water production is

substantially higher than the approximate solu

tion but about half of the simulation value.

Lower production rates for the EFW models in

dicate that a circular well at the center of an el

liptical drainage boundary does not adequately

describe the flow geometry in the field. In both

cases, wellbore pressure was used as the only

matching parameter and adjusted to maximize

flow.

Linear Gravity Flow Approximation with

Fractured Wellbore. On the basis of low flow

rates found in elliptical geometry with a circular

well in the center, it is assumed that any fracture

at the wellbore which is created during injection

does not completely close during production.

Even if it is closed, it does not heal and consid

erable high residual permeability remains in the

fracture plane. Linear gravity flow takes place

from a long narrow rectangular block of hot mo

bile oil into this highly permeable vertical plane.

Also as a part of this model, introduction of the

flow reduction factor and the effect of tempera

ture on the water end-point saturation were in

corporated. Oil production predictions (Fig
ure 2) by the new model show excellent agree-
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FIGURE 1
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ment with previous simulation results. Although

temperature effect on the water relative perme

ability end point was accounted for, no adjust

ment due to hysteresis was made. This could

be the reason for a higher predicted water pro

duction by the new model. Calendar day oil rate

and oil-steam ratio at each cycle are in good

agreement with the simulation results. Propa

gation of the hot zone from 2 to 5 meters over

the project time is in good agreement with ob

servations in the field.

Conclusions

The authors conclude that flow into a circular

well in the center of an elliptical flow geometry
does not represent the true flow pattern of the

field. It gives an underestimate of production.

The new model adequately describes heat and

fluid flow in the reservoir and provides a quick

means of assessing CSS operations, optimiza

tion and sensitivity analyses.

WATER

conventional softening of the produced water

with warm lime followed by weak acid cation

exchange without silica removal is inadequate

to prevent scaling of the boiler tubes. Analysis

identified the scale as lithium silicate, a material

not previously identified as a scale in steam

generation.

W. Zalewski of BP Canada and P. Bulkowski of

Petro-Canada Oil and Gas discussed the signifi

cance of this lithium silicate scale in an article in

the Journal of Canadian Petroleum Technology,

April 1998, Volume 37, Number 4, pages 51-54.

The first two years of produced water recycling

at Wolf Lake may be characterized as a search

for the optimum silica standard in the boiler

feedwater (BFW). These two years consist of

three periods each with a distinctly different

silica level in the BFW (Table 1). In Period I it

was determined that there was no doubt that the

scale was predominately silica based. During
Period II much tougher BFW standards were

set. Simultaneously, several changes to the

produced water treatment system and operating

procedures were implemented in order to im

prove the boiler feedwater quality to meet these

new standards.

LITHIUM BUILDUP HAMPERS PRODUCED

WATER USE ATWOLF LAKE

In many areas of heavy oil deposits, fresh water

supplies are not readily available. Therefore,
the oil companies producing bitumen must recy
cle the water that is co-produced with the bitu

men. Extensive research has been conducted

on the treatment that could allow reuse of the

so-called produced waters. Basically, produced

water to be recycled for steam generation must

be de-oiled and components that will form scale

in the boilers must be reduced. Traditionally, for

oil field steam generation, the scale forming
elements/compounds that have to be treated

have been calcium and magnesium (hardness),
iron and silica.

Experience gained during the first two years of

operation of a commercial-size produced water

recycling plant at Wolf Lake has shown that

In Period II the scale was identified as being

predominantly lithium silicate (Li2Si03). The

further chemical analyses conducted on the de

posit confirmed that lithium and silicon were the

main elements of the scale. Subsequent analy

ses of produced water (Clearwater formation) at

Wolf Lake revealed that it contained lithium in

the range of 5 to 7 milligrams per liter (mg/l).

The discovery of lithium silicate scale and the

fact that lithium is practically an
"untreatable"

element (at least in the context of economic

feasibility) dictated further cuts of silica concen
tration in the boiler feedwater. During Period III

the average Si02 content in the BFW was

25 mg/l and there were only a few excursions

above 30 mg/l. After about seven months of

operation (300,000 cubic meters steam/boiler),

the radiant section tubes of the boiler were ex

amined for scale deposit. This time, however,
the tubeswere clean.
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TABLE 1

SILICA IN BFW,WOLF LAKE 1990 - 1992

Period

I. April 1990 - October 1990

II. November 1990 - June 1991

III. July 1991 -March 1992

Silica as SiOo. mo/L

Min. Max. Avo.

59 215 120

20 109 60

9 60 25

Discussion

The authors are uncertain if the production of a

lithium silicate scale is unique to Wolf Lake, or

is more common but simply has not been iden

tified. However, produced water analyses from

Tucker Lake, another steam project in the

Clearwater formation, have shown lithium con

centrations in the range of 1 .4 to 6.9 mg/l. This

confirms that lithium in the produced water is

not unique to Wolf Lake, and should be of inter

est to all companies producing from the

Clearwater, if not elsewhere.

If the presence of a significant amount of lithium

is common but not universal, then this could be

a contributor to the conflicting data about how

much silica can be tolerated in the BFW. Both

the requirement for low hardness and iron, and

the high solubility of silica itself (e.g., greater

than 600 mg/l at 300C) are well known and thus
appear inappropriate as causes for differing
standards for the level of silica that can be tol

erated. Clearly, different operating conditions

(steam quality, steam temperature, heat flux)
would contribute to different tolerable levels of

silica. In addition, variations in the lithium lev

els, coupled to pH of the condensate, will affect

the level of silica that is allowable.

Conclusions

Zalewski and Bulkowski conclude that lithium

must be regarded as a critical parameter of pro

duced water composition if the water is to be re

used for steam generation. Consequently, the

discovery of lithium as a scale-forming element

in reaction with silica may change the ways pro

duced water for recycling is treated. In areas

where produced water does not contain lithium,
removal of divalent ions is the determinant and

a recycling system based on the "strong
acid/weak acid

action"

technology may be ade

quate. On the other hand produced waters

containing high levels of lithium must have effi

cient silica removal facilities.

The authors also stress that allowable silica

concentrations in the boiler feedwater cannot be

set arbitrarily. It is a site-specific parameter and

must be determined based on the actual oper

ating experience taking into account intrinsic

properties of the water. At present, very little is

known about lithium silicate scales.

Zalewski and Bulkowski suggest the following as

future research areas:

Determination of the mechanism of the

scale formation and whether other

chemical species (e.g., organics) play a

synergistic role in the process.

Determination of the thermal conductiv

ity of the scale and how much of it can

be tolerated in the boiler.
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Identification of chemical means that

could inhibit the rate of scale deposition.

RESOURCE

CANADIAN OIL SANDS PRODUCTION UP,
POISED TO TRIPLE

Worldwide oil production from enhanced oil and

heavy oil projects, at the beginning of 1998, is

about 2.3 million barrels per day (bpd), as

shown in the biennial Enhanced Oil Recovery
(EOR) survey, published in the Oil and Gas

Journal in April. This rate is up slightly from the

2.2 million bpd at the beginning of 1996. The

2.3 million bpd represents about 3.5 percent of

the world's oil production and is broken down as

follows:

US - 760,000 bpd

Canada - 400,000 bpd

China - 280,000 bpd

Former Soviet Union - 200,000 bpd

Others -700,000 bpd

EOR oil production from oil sands is highlighted

here. Bitumen and tar sand recovery in both

Canada and Venezuela is set to increase sig

nificantly over the next few years. The Alberta

Department of Energy estimates that production

in Canada could triple by 2005 to about 1 .5 mil

lion bpd from the current 500,000 bpd (Fig
ure 1). Table 1 lists announced projects.

FIGURE 1
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TABLE 1

iANNOUNCED OIL SANDS INVESTMENT

Investment,

$ Million Timing

Comoanv Proiect/Location Canadian 1996-2007

Athabasca

Amber Energy Wabasca 300 1997-2000

Amoco Brintnell 100 1996-2000

Canada Oil Sands Hangingstone 197 1997-2004

Gulf Surmont 1,100 1999-2005

Mobil Keari Lake 1,000 2000-2003

PanCanadian (CS Resources) Christina Lake 250 1997-2000

Petro-Canada MacKay River 250 1998-2000

Shell Muskeg River, Scotford Upgrader 2,800 1998-2002

Suncor Fort McMurray, Steepbank Mine 2,870 1997-2002

Syncrude Mildred Lake, Aurora Mine 6,000 1996-2007

Cold Lake

AEC Foster Creek, Frog Lake 212 1997-2000

Amoco Primrose, Wolf Lake 675 1996-2000

Black Rock Cold Lake 8 1996-1997

CNRL Cold Lake, Pelican Lake 800 1997-2002

Ranger (ELAN) Lindbergh 225 1996-2000

Imperial Oil Cold Lake 700 1996-2001

Koch Reita Lake 250 1996-1998

Mobil Iron River 16 1996-1997

Murphy Lindbergh 157 1996-1999

Norcen Cold Lake, Provost/Lindbergh 440 1996-1998

Numac Manatokan Lake 57 1996-1998

PanCanadian Lindbergh, Frog Lake 100 1996-2000

Suncor Burnt Lake 122 1996-2000

Texaco Frog Lake 35 1997

Peace River

Shell Peace River 120 1997-2002

Total Investment $18.8 billion
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In Venezuela, Petroleos de Venezuela SA

(PDVSA) has negotiated or is negotiating con

tracts with Conoco Inc., Mobil Corp., ARCO

Corp., Total Petroleum, Coastal Corp., and

Exxon Corp. and their partners to exploit areas

in the Orinoco tar sands belt. These projects

might be producing 700,000 bpd of 8 to 9API

oil the early 2000s.

The Cold Lake area currently produces about

115,000 bpd (160,000 bpd of blended bitumen).

In the next few years, Imperial expects to up this

to about 150,000 bpd (210,000 bpd of blended

bitumen). To transport these increased quanti

ties, Imperial, Amoco, and Koch plan a

150-mile, 36-inch pipeline from the Cold Lake

area to the Hardisty, Alberta, terminal, and a

smaller 12-inch pipeline to transport lighter hy
drocarbon-liquid diluent from Hardisty to Cold

Lake. Initial capacities of the two lines will be

330,000 bpd and 50,000 bpd, respectively.

With additional pumping stations, Imperial says

the bitumen pipeline will have capacity of up to

700,000 barrels per day of blended bitumen.

Pipeline construction for the $250 million project

is planned for 1999 with operations to start in

2000.

In another large project, Shell Canada Ltd. and

Broken Hill Proprietary Co. Ltd. (BHP) are pro

ceeding with a feasibility study for a Canadian

$3.6 billion project to mine bitumen from

Lease 13, about 42 miles north of Fort McMurry,

Alberta. They plan to lay a 300-mile pipeline to

Scotford, where plans include the building of a

150,000 bpd hydrogen conversion process up

grade next to Shell's existing Scotford refinery,

near Edmonton. Start-up is scheduled for 2002.

Construction of a pilot plant on Lease 13 re

ceived regulatory approval in January 1998.

Syncrude Canada Ltd.'s mining operation is also

expanding. It expects production to increase

from 74 million barrels per year in 1996 to

82 million barrels per year by 2000. Also, with

the new Aurora Mine project, production would

increase to 258,000 bpd by 2004 and

312,000 bpd in 2005.

A Suncor Energy Inc. initiative for expanding its

oil sand mining production is called "Project

Millennium". The C$2.2 billion project aims to

increase plant capacity to 130,000 bpd by 2001

and then to 210,000 bpd in 2002 from the cur

rent 85,000 bpd.
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PROJECT ACTIVITIES

100 MW IGCC PLANT OPENS AT PINON

PINE

The recently-completed Pifton Pine Power Proj
ect near Reno, Nevada, was dedicated in April.

Government officials and officials from the Ne

vada-based Sierra Pacific Power Company her

alded the project as a preview of power plants in

the
21st

century that will be capable of producing

energy much more cleanly and efficiently from a

variety of abundant United States fuels, includ

ing coal.

Built under a 50/50 cost-sharing arrangement as

part of the United States Department of En

ergy's Clean Coal Technology Program, the

$335 million Sierra Pacific Power Company
project will produce 100 megawatts of electric

ity, capable of serving 65,000 homes. It incor

porates a new, state-of-the-art process that gas

ifies coal, rather than burning it directly, then

uses the gas to fire a gas turbine-generator.

Excess heat from the system is recovered and

used for a conventional steam turbine-generator

to boost overall plant efficiency.

Pifton Pine will be 10 to 15 percent more effi

cient than conventional coal-burning power

plants and, as a result, will release fewer green

house gases, a particularly important benefit

given the United
States'

commitment to reduce

emissions that contribute to global warming.

The plant also virtually eliminates concerns over

the release of pollutants that contribute to acid

rain and smog. Particularly important in the

West, the plant also uses 20 percent less water

than a conventional coal plant. The plant is the

third integrated gasification combined cycle

power generation facility to be built in the Clean

Coal Technology Program. Two others, testing
different technologies, are operating in Tampa,

Florida, and Terre Haute, Indiana.

Major contractors for the project include The

M.W. Kellogg Company, owner of the advanced
coal gasification technology; Foster Wheeler

USA, which was the architect, engineer and

builder; and General Electric, which has devel

oped the new combustion turbine that forms the

basis for the combined cycle power generation

section of the facility.

CORPORATIONS

SASOL PLANS EXPANSION OF SECUNDA

PLANT

Sasol Synthetic Fuels (Pty) Limited in Secunda,

South Africa, has begun with a feasibility study
on the possible further expansion of the plant's

output. The study is expected to be completed

early in 1999.

The project, named Sky High, will amount to a

15 percent increase in the production capacity

of the plant, or about 30,000 barrels per day
crude oil equivalent. If it goes ahead, the proj

ect will be implemented in four phases, with the

first two phases completed in 2001 while the

third and fourth phases could be completed

during 2002 and 2003, respectively. The cost of

the project will be determined during the feasi

bility study, but would require a substantial

capital investment.

The project will further enhance the potential to

remove value-added chemicals from product

feedstreams. The expansion will mainly be

achieved through the selective debottlenecking
of existing production facilities on a cost-

effective basis. The production expansion could

partially offset the anticipated shortage in petrol

supply in South Africa, reducing the need for

petrol imports.

Sasol Synthetic Fuels has already begun a

comprehensive environmental impact assess

ment. The outcome of the environmental impact

assessment will be one of the factors to be

taken into account when approval to proceed

with the project is considered.
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The Sky High expansion follows an existing

project to expand Sasol Synthetic
Fuels'

chemi

cal and fuels production by 6 percent. The first

phase of this existing project, costing R115 mil

lion, is scheduled for completion in September

1998 while the second phase, costing R250 mil

lion, is expected to be completed in September

1999.

GOVERNMENT

U.S. CLEAN COAL PROJECTS MOVING

TOWARD COMPLETION

The status of the remaining seventeen active

United States Department of Energy (DOE)
Clean Coal Technology (CCT) projects was up
dated in presentations at the Sixth CCT Confer

ence held in Reno, Nevada, April 28 through

May 1 . A brief synopsis of each project is given

in Table 1
, next page.

Another 21 projects under the CCT Program

have completed operation and have either is

sued final reports or are in the process of report

preparation. Some of the key technical ad

vances realized by the CCT Program to date

were also highlighted at the conference.

The Environmental Control Device demonstra

tions have made significant contributions toward

cost-effective S02 and NOx control, which was

the initial thrust of the CCT Program. A portfolio

of proven control options has resulted that are

responsive to the full range of boiler types, and

a database has been established to address

further challenges. The projects served to pro

vide input to establishing emissions standards

under the Clean Air Act Amendments of 1990 in

the areas of NOx and air toxins emission control.

In the area ofAdvanced Electric Power Genera

tion the completed projects have provided the

database and operating experience to make

atmospheric fluidized-bed technology a com

mercial option at the small utility-scale. They
have also established the potential of pressur

ized fluidized-bed combustion (PFBC) as an

efficient, low polluting combustion technology,

laying the foundation for commercialization.

In the Clean Fuels area, completion of devel

opment of the Coal Quality Expert has provided

a valuable tool for selecting coals for site-

specific performance needs. The successfully

concluded ENCOAL Mild Coal Gasification

Project offers a means for co-producing clean,

coal-derived solid and liquid fuels.

In the Industrial Application area, completion of

the Cement Kiln Flue Gas Recovery Scrubber

project provided a cost-effective means to con

trol S02 emissions from coal-fired cement

plants. The Advanced Cyclone Combustor

emerged with the potential to replace oil and

gas-fired units in industrial boilers.

COAL CONVERSION A CENTERPIECE IN

JAPAN'S NEW SUNSHINE PROGRAM

The New Energy and Industrial Technology De

velopment Organization (NEDO) has been car

rying out research and development projects on

coal conversion technologies as part of the

"New Sunshine
Program"

led by the Japan

Agency of Industrial Science and Technology
(AIST). An overview of the current coal gasif-

cation and liquefaction research and develop
ment projects underway at NEDO was pre

sented by A. Sugawara, of AIST's Ministry of

International Trade and Industry (MITI), et al. at

the
215th

American Chemical Society National

Meeting held in Dallas, Texas, March 29

through April 2.

Coal Gasification Technologies

Low-calorific Integrated Gasification Combined

Cycle (IGCC) power generation was demon

strated between 1991 and 1996. In 1996 the

200 ton per day (tpd) pilot plant was
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TABLE 1

STATUS OF ACTIVE CCT DEMONTRATION PROJECTS

Project

Environmental Control Devices

Company Status

Demonstration ofAdvanced

Combustion Techniques for

aWall-Fired Boiler

Southern Company

Services, Inc.

Long-term testing of the advanced overfire air,

low-NOx burners complete. Final testing underway.

Milliken Clean Coal Technology
Demonstration Project

Micronized Coal Rebuming

Demonstration for NO* Control

Commercial Demonstration of

the NOXSO SOa/NOx Removal

Flue Gas Cleanup System

New York State

Electric & Gas

New York State

Electric & Gas

NOXSO Corporation

High-sulfur (4%) coal testing began in May 1998.

Preliminary testing completed in February. Further

testing with different LNCF III primary and overtired

air settings is scheduled for July-August time-frame.

Long-term testing at Kodak scheduled to begin in

June 1998.

Discussions are ongoing to re-site this project.

Advanced Electric Power Generation

Mcintosh Unit 4A PCFB Demon

stration Project, and Mcintosh

Unit 4B Topped PCFB Demon

stration Project

ACFB Demonstration Project

City of Lakeland,
Department ofWater &

Electric Utilities

Jacksonville Electric

Authority (formerly York

County Energy Partners)

Clean Energy Demonstration Clean Energy Partners

Project

Pifton Pine IGCC Power Project Sierra Pacific Power Co.

Tampa Electric Integrated Tampa Electric Co.

Gasification Combined-Cycle

Project

FosterWheeler and the City of Lakeland are

negotiating a turnkey proposal to build a PCFB

plant at Lakeland's Mcintosh Power Plant.

In 1997 DOE signed an agreement with Jacksonville

Electric Authority to cost-share refurbishment ofthe

first of two units at North Side Generation Station.

Construction is planned to begin in March 1999,

with operation in early 2002, and 2 years of

operations. Draft of an Environmental Impact

Statement is underway.

Clean Energy Partnership is restructuring to

incorporate a new site and host in central Illinois.

Sierra Pacific Power Co. has achieved short-term

operation of gasifier island on Utah coal. Various

mechanical, instrument and control issues are

being addressed to improve operation. (See

separate article elsewhere in this issue.)

Between January and March 1998, the unit was

in operation 1 ,600 hours and operated on syngas

94% ofthe time. Following a maintenance outage

it will return to operation in June 1998.
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TABLE 1 (Continued)

Project

Wabash River Coal Gasification

Repowering Project

fiamjany.

Wabash River Joint

Venture

Status

The plant produced its 1-trillionth BTU of

synthetic gas for the month ofMarch. Also in March

Wabash set a record of continuous hours of coal

operation at 478 hours.

Healy Clean Coal Project Alaska Industrial Since startup of the entrained combustion system

Development and on coal in January 1996, the plant is operating well

Export Authority at full-load, or 62 MW. Continuous emissions

monitoring system certification testing was

completed, and entrained combustor characterization

testing at full load, in conjunction with the NOx and

SO2 reduction system tuning and trimming, is underway.

Coal-Fueled Diesel Engine

Demonstration Project

Coal Processing for Clean Fuels

Arthur D. Little Inc. The project is on schedule for delivery of the 1 8-cylinder

coal-diesel engine in November 1998.

Self Scrubbing Coal: An

Integrated Approach to Clean Air

Custom Coals

International

Advanced Coal Conversion

Process Demonstration

Rosebud SynCoal

Partnership

Liquid Phase Methanol Process

Demonstration Project

Air Products Liquid

Phase Conversion

Company L.P.

Industrial Applications

Blast Furnace Granulated Coal

Injection System Project

Bethlehem Steel

Corporation

The plant has processed over 650,000 tons of raw coal

and shipped over 400,000 tone of clean coal product.

However, it has temporarily halted operations due to

financial and environmental constraints. Negotiations

are underway for Tanoma Coal Sales Inc. of Latrobe,

PA to buy the site and continue the project.

The ACCP facility continues to process raw subbitum

inous coal, producing over 1 .4 million tons of SynCoal

product to date. Rosebud SynCoal Partnership has

signed a letter of agreement with Montana Power

Company's Colstrip Unit No. 2 to design, install,

commission and operate a pneumatic injection system,

which would inject SynCoal product on a steady basis

to Colstrip Unit No. 2.

The LPMEOH Process Demonstration Facility completed

its first year of operation on April 2, 1998, producing

over 15 million gallons of methanol. A record-setting

65-day period of continuous operation was completed

later in the month. Since December 1997 the demon

stration facility has operated at >99% availability. Process

variable studies are currently underway.

The "Pulverized Coal
Trial"

was initiated in April.

Instability of the furnace operation and the variable coal

flow caused the trial to be suspended in early June.

The "Pulverized Coal
Trial"

data is currently being

evaluated.
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Project

Clean Power From Integrated

Coal/Ore Reduction

Company

TABLE 1 (Continued)

Statue

CPICOR Management

Company, LLC

CPICOR continues to pursue licensing issues regarding
direct ironmaking technology, in order to proceed with

project design and permitting activities.

disassembled. The data collected from the

demonstration will be used to evaluate the pos

sibility of construction of a demonstration plant.

A 2-year feasibility study of the demonstration

plant is now underway to determine whether to

proceed further or not.

Coal Liquefaction Technologies

NEDO has been promoting development of a

bituminous coal liquefaction technology since

1980 under the New Sunshine Program called

the
"NEDOL"

process that can attain high light

oil yields under relatively mild conditions. The

NEDOL process was demonstrated in the 1 tpd

Process Supporting Unit (PSU) facilities in Ki-

mitsu. In the PSU comprehensive experiments

have been conducted with several kinds of coals

and operating conditions, and significant data

have been acquired. In parallel with the re

search and development in the PSU, a 150 tpd

pilot plant was constructed for collecting
scale-

up data for demonstration and commercial

plants. The construction of the pilot plant was

finished in July 1996 and the operation was

commenced.

The NEDOL process, shown in Figure 1 (next

page), consists of four primary units: coal prepa

ration unit, coal liquefaction unit, solvent distil

lation unit and solvent hydrogenation unit. The

NEDOL process can attain high oil yield even

under relatively low severity conditions. It has

been concluded that ultra fine iron catalyst and

hydrogenated solvent bring this high oil yield. In

the PSU operation, several kinds of coals have

been liquefied and the efficacy of the NEDOL

process has been demonstrated. Based on the

results of the PSU, a standard coal for the pilot

plant operation was determined.

The results of the pilot plant operation are com

pared with the results of the PSU operation in

Table 1 (page 61). Yields ofthe pilot plant have

a good correlation with the results of the PSU.

This indicates that scale-up data for a larger

plant can be generated by comparison of the

data from the PSU and the pilot plant.

U.S. COAL TEST CENTER OPENS

The United States Department of Energy (DOE)
and Southern Company Services Inc. have

completed construction of the Power Systems

Development Facility in Wilsonville, Alabama.

Built as a series of technology modules, the fa

cility is intended to serve as the proving ground

for several types of advanced electric generat

ing technologies and environmental cleanup

systems currently being developed for the next

generation of coal-fired power plants.

The final core module to be constructed was an

advanced pressurized fluidized-bed combustion

system designed by Foster Wheeler Inc., and

built by Caddell Inc. of Montgomery, Alabama.

Along with the pressurized fluidized-bed unit

and a bubbling-bed carbonizer, the facility also

houses an advanced transport reactor devel

oped by the M.W. Kellogg Company that can be

used as either a coal gasifier or a combustor. A

high-temperature, high-pressure gas cleanup

module can be used for testing interchangeable
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FIGURE 1

DIAGRAM OF NEDOL PROCESS
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particulate control devices, external sulfur-

removal systems, and trace element removal

technologies. Westinghouse's rich-quench-lean

topping combustor and a combustion turbine

are also installed at the facility, and plans are

eventually to incorporate a fuel cell.

With a total 10-year cost of $271 million for

construction and initial test operations, the

Power Systems Development Facility is esti

mated to have saved more than $32 million

compared to the cost of building individual pilot

plants for each of the emerging new technolo

gies in DOE's Advanced Power Systems R&D

Program. The facility will also be made avail

able to private developers to test innovated

power system components, from new combus

tors to advanced filtration devices.

STATE OF OHIO AWARDS $5.4 MILLION IN

CLEAN COAL GRANTS

The Ohio Coal Development Office (OCDO) will

award three clean coal technology grants ex

ceeding $5.4 million to the following entities,

pending successful grant and legal negotiations:

a American Electric Power will receive a

$1 .5 million grant to demonstrate a selec-
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TABLE 1

COMPARISON OF THE YIELDS BETWEEN THE PP AND THE PSU

150 t/d PP

60 80

1 t/d PSU

Plant Load (%) 100 100 100

Temperature (C) 450 450 450 465 465

Pressure (kg/cm2G) 170 170 170 170 190

G/L (Nm3/t) 700 700 700 700 900

Catalyst Addition (wt.%) 3 3 3 3 4

Residence Time (nr) 1.67 1.25 1.0 1.0 1.0

Yields (wt.% daf)
Water 12 11 10.8 11.5 11.4

Gas 18 17 19.7 25.5 26.5

Oil 54 52 51.7 55.5 59.4

Residue 22 26 23.3 14.4 9.9

H2 Consumption 5.9 5.4 5.5 6.9 7.2

Total 105.9 105.4 105.5 106.9 107.2

tive non-catalytic reduction technology on

a 600-megawatt unit at the Cardinal

power plant.

Medical College of Ohio will receive a

$3.5 million grant to install the Lo-

TOx/NOx at the Medical College's steam

plants.

Will-Burt Corp. will receive a $455,750

grant to install a small commercial-scale,

10 million BTU per hour atmospheric flu

idized bed combustor at Cedar Lane

Farms nearWooster.

Funding for the projects will be provided through
the Coal Research and Development Bond

fund, administered by the Ohio Department of

Development. The projects focus on develop

ing and implementing technologies that will use

Ohio coal in an environmentally sound, eco

nomic manner.

TECHNOLOGY

PHOSPHOMOLYBDIC ACID ACTIVATES

CATALYST IN COAL LIQUEFACTION

A number of Mo-containing materials which are

soluble in the liquefaction process solvent are

known to give active catalysts for conversion of

coal because of their high dispersion in the re

acting phase. Unfortunately, most of these

materials are too expensive to be used in a

large-scale application. One alternative is to

use readily available, low-cost, water-soluble

molybdenum salts to impregnate coal. Phos-

phomolybdic acid (PMA) is such a water-soluble

form of Mo that can be prepared by a very sim

ple procedure starting with M0O3 and phospho

ric acid. There has been considerable interest

in the use of the catalysts prepared from PMA

for conversion of heavy hydrocarbons and car

bonaceous-containing materials.
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In Energy & Fuels, Volume 12, pages 607-611,

B. Demirel and E. Givens of the University of

Kentucky Center for Applied Energy Research

present the results of a study in which the liq
uefaction activity of PMA-derived catalysts was

evaluated relative to other Mo compounds that

have been used in this application.

Results

PMA has a well-ordered Keggin ion crystal

structure, which is known to be stable in inert

atmospheres, as well as in H2 at temperatures

up to approximately 400C. Even in the pres

ence of H2S, it is stable at temperatures up to

300C but is ultimately destroyed at 400C to

form MoS2 and MoOx.

A series of experiments was performed to de

termine if sulfur addition provided any beneficial

effect. Adding H2S to runs in which crystalline

PMA was added directly to the reaction mixture

resulted in a significant increase in both tetrahy-

drofuran (THF) and resid conversions. By add

ing H2S, THF conversion increased from

66.9 percent to 80.7 percent and resid conver

sion increased from 29.3 percent to 42.7 per

cent on moisture and ash free (maf) coal. In the

absence of H2S, the magnitude of the effect of

PMA in the reaction mixture was negligible.

These results suggest that the Keggin ion is not

the active catalyst. Because of these results,

H2S was routinely added to the reaction mixture

for all of the PMA runs. In all of the previous

work with PMA it has been either added directly
to the reaction mixture as a crystalline material

or dissolved in phenol or an alcohol and mixed

with the process solvent. In this study the coal

has been impregnated with an aqueous solution

of PMA. Because the method of impregnating
the aqueous salt solutions has been reported to

affect the coal reaction, three levels of water

used in impregnating the acid onto the coal

were investigated:

A large excess of water, i.e., three vol

umes per volume of coal

An incipient wetness amount of water,

i.e., 0.45 grams water per gram of dry
coal

A smaller amount of water equivalent to

only 3 weight percent of the starting coal

As further variation, the effect of metal maldis

tribution over the surface was also investigated

by spiking the metal onto only 10 percent of the

starting coal, which was then mixed with the

remaining 90 percent.

Results from liquefaction of the PMA impreg
nated coals show that both THF solubilization

and resid conversions were consistently higher

than the corresponding values observed for

crystalline PMA. Averaged THF conversions for

these impregnated coals ranged between

91 and 95 weight percent. Resid conversions

for this series ranged from 61 to 70 weight per

cent with no significant differences between the

values. Averaged resid conversion, ignoring the

differences in the method of preparation, was

64.5 2.4 weight percent maf coal. There is no

question that impregnated coals produce signifi

cantly higher resid and THF conversions than

obtained by adding crystalline PMA. Overall,

the data show that impregnated PMA is an ex

cellent catalyst precursor that is not significantly

affected by the method used to impregnate the

coal.

THF conversions for the four differently pre

pared spiked coals range from 89 to 93 percent.

Resid conversions, on the other hand, are nar

rowly grouped with an averaged conversion rate

of 61 .2 4.4 percent. Overall, the data indicate

that coals prepared by impregnating PMA onto

only 10 percent of the feed coal give essentially

the same THF and resid conversions as im

pregnating the PMA onto all of the coal. To

what extent this maldistribution of the precursor

can be carried is not known except that in the

extreme, where the PMA is not impregnated

onto the coal, a sharp drop in conversion activ

ity occurs.

The unique feature about coal as a catalyst

support is that in the reaction the support disap
pears as it transforms into the liquid state. Pre

sumably as this happens, the precursor be

comes suspended within the gel-liquid state. At

the same time, it may be decomposing or re

acting with the H2 and H2S while remaining as a
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very small solid particle. Presumably, as these

changes occur, the catalyst that is formed re

mains highly dispersed within the reaction me

dia, thereby being more effective than if it had

been deposited onto a solid surface.

In order to determine if this disappearing sup

port mechanism is operable in this system, PMA

was spiked onto an activated carbon at the

same level as used in the spiked coal experi

ments discussed above. An activated carbon

was impregnated with PMA to a level of

3,000 and 6,000 milligrams (mg) Mo per kilo

gram (kg) activated carbon and then mixed with

Black Thunder coal to give final Mo concentra

tions equivalent to 300 mg Mo/kg dry coal. Liq
uefaction of these two samples indicates that

THF solubilizations are significantly lower

(80.9 and 82.2 weight percent) than observed

for the coal impregnated samples. On the other

hand, the resid conversion for the PMA impreg
nated carbons remained about the same

(62.2 and 64.6 percent) as observed for the im

pregnated coals.

From a process standpoint, even though resid

conversions remained high, the process would

be untenable because of the abnormally large

amount of unconverted coal which would have a

negative impact on process economics.

COAL LIQUEFACTION PROCESS DESIGNED

TO MINIMIZE USE OF SOLVENT

Coal liquefaction is considered a key option for

meeting the increased demand for transporta

tion fuels in rapidly developing countries in Asia.

However, to be commercially viable, the cost of
the coal liquefaction process must be reduced.

There are four approaches to reduce the cost:

Increasing oil yield with the least produc

tion of hydrocarbon gases

Increasing productivity of oil at a fixed

reactor volume

Catalyst recycling after the separation

from the residue

Simplifying the preheater and reactor

configuration

One option for increasing the productivity is to

increase the coal concentration in the slurry

feed for the reactor by conducting the coal-

liquefaction procedure without solvent.

K. Sakanishi et al. of Kyushu University, Ka-

suga, Japan, summarized the results of the sol

vent-free coal liquefaction research in Energy &

Fuels, Volume 12, pages 284-288.

In the study, liquefaction of Australian brown

and Indonesian brown and subbituminous coals

using NiMo sulfide supported on carbon nano

particles (KB), commercial Ni/Mo/alumina, and

synthetic pyrite catalysts, was examined at vari

able solvent (tetralin)/coal ratios. The variable

solvent/coal ratios were investigated to clarify

the minimum quantity of solvent, including the

self-producing portion from coal itself, in the

liquefaction catalyzed by highly dispersed car-

bon-nanoparticles-supported NiMo sulfides in

comparison with the commercial catalysts of

ordinary size (10 to 100 microns) powders. The

higher yield of the lighter oil fraction is another

target for economizing the coal-liquefaction pro

cess.

Single- and Two-Stage Liquefaction of

Yallourn Coal at Variable Solvent/Coal

Ratios

Single- and two-stage liquefaction of Yallourn

(YLC), South Banko (SBC) and Tanitoharum

(THC) coals was performed in a 50 milliliter

autoclave. The two-stage liquefaction consisted

of low-temperature (360C) hydrogenation in the

first stage and high-temperature (450C) hy

drocracking in the second stage. The solvent

(tetralin) to coal ratios were varied from 0 to 1 .5.

The oil yield decreased significantly from

72 percent at the solvent/coal ratio of 1 .5 to

52 percent without solvent in the single-stage

liquefaction. The decrease of oil yield was more

moderate in the two-stage liquefaction, the yield
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being 75 percent at the solvent/coal ratio of 1 .5,

and 64 percent without solvent.

Catalytic Activities in the Liquefaction of

Yallourn Coal Without Solvent

The catalytic activities of NiMo/KB, commercial

NiMo/AI203, and synthetic pyrite catalysts for

the single- and two-stage liquefaction of Yal

lourn coal under solvent-free conditions were

compared. The higher catalytic activity of

NiMo/KB was definite, the higher oil yields of

52 and 64 percent being obtained, respectively,

in the single- and two-stage liquefaction. Al

though the two-stage liquefaction increased the

oil yields with NiMo/alumina and pyrite catalysts

to 45 and 40 percent from 42 and 38 percent,

respectively, the effects were very limited. The

lower oil yield with the commercial NiMo/AI203
and FeS2 catalysts is ascribed to the much

higher yields of residue.

Influence of Coal Species on the Solvent-

Free Coal Liquefaction.

The oil yield was in this order SBC>YLC>THC,
regardless of reaction conditions. In the single-

stage liquefaction, THC, which was the highest-

rank coal among the three coals, gave the low

est oil yield of 46 percent. SBC of an Indone

sian brown coal with lower oxygen content pro

vided higher oil yield than YLC of an Australian

brown coal, reaching 60 weight percent with less

gas formation.

In the case of two-stage liquefaction, the oil

yield increased to 60 to 68 weight percent re

gardless of the coal species by reducing the

heavier fractions yields (asphaltene, preasphal

tene and residue) without increasing the gas

yield. The two-stage liquefaction of SBC pro

vided the highest oil yield of 68 weight percent

even under solvent-free conditions.

Analysis of Product Oil

The major products were always the second-

lightest fraction of the 200 to 300C boiling
range regardless of the catalysts, coal species

and reaction conditions. The NiMo/KB catalyst

provided greater amounts of the lighter oil frac

tions of 100 to 200C and 200 to 300C than the

amounts from conventional catalysts of

NiMo/AI203 and synthetic pyrite. SBC has the

highest reactivity to give the highest yield of the

light distillate with the highest total oil yield

among the coals investigated in the present

study. The two-stage liquefaction was more

effective for the hydrogenation with NiMo/AI203
and FeS2 catalysts than the single-stage lique

faction, while NiMo/KB gave a slightly smaller

Cai/Car ratio and more Ci (substituted aromatic

carbon) content in the two-stage liquefaction.

Analysis ofGas Products

The C02 and CH4 were major product gases at

yields of 13 to 14 and 2 to 3 weight percent, re

spectively, with much lower yields of olefins

(C2H4, C3H6) regardless of reaction conditions.

In the two-stage liquefaction, the major portion

of CO and C02was produced with a minor por

tion of methane in the first stage, the hydrocar

bon gases being mainly produced in the second

stage. The two-stage conditions provided lower

yields of C^C^ of hydrocarbon gases as well as

CO and CO2 compared with yields from the sin

gle-stage reaction.

Conclusion

The two-stage liquefaction of brown and subbi

tuminous coals catalyzed by NiMo supported on

carbon nanoparticles achieved a remarkable oil

yield above 60 percent even under the solvent-

free conditions. One of the key factors in the

liquefaction without solvent is that the stirring

speed during the heating must be carefully con

trolled. The NiMo/KB catalyst has two advan

tages in the solvent-free coal liquefaction. One

is its nanoscaie particle size with its high surface

area, hollow structure, low density, and rela

tively lipophilic surface nature for dispersion in

the viscous matrix of the primary coal liquid.

The nanosize particles of NiMo/KB can be well

dispersed by rapid stirring with the aid of a small

amount of liquid fraction produced in the initial

stage of the reaction even if no solvent was ex

ternally added. The other advantage of the

NiMo/KB catalyst is the possibility of its recov

ery from the residual products by the simple

gravimetric separation method, since the hollow
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carbon nanoparticles of the NiMo/KB catalyst

are nonpolar and floating, being dispersed well

in the liquid phase and with a very small amount

of catalyst precipitation taking place with the

large particles of the residue products.

Earlier research has shown that the recovered

NiMo/KB catalyst together with the THF-

insoluble residue exhibited an activity similar to

the activity of a virgin catalyst for the liquefac

tion of Wyoming coal through the resulfiding

treatment, suggesting that no irreversible deac

tivation may take place during the coal liquefac

tion. For practical application, recycled use of

the NiMo/KB catalyst can be designed with the

heavy distillable product and/or residue by the

bottom-recycle mode or heavy-solvent recycle

mode.

In such an approach with less solvent, a certain

amount of volatile initial solvent as a transpor

tation mediator can be used in this type of coal

feeding for the preparation of slurry of low vis

cosity to transfer it smoothly into the preheater.

This type of solvent fraction can be easily va

porized by increasing the gas flow rate in the

first reactor. Furthermore, the two-stage proc

ess of the present scheme may not require the

preheater because of the effective utilization of

the exothermic heat of hydrogenation in the first

stage, where the inlet and outlet of the first re

actor may be heated to 360C and 450C, re

spectively, by controlling the additional hydro

gen-gas charge.

Thus, NiMo supported on carbon nanoparticles

with high activity in the two-staged configuration

is expected to overcome some hurdles en

countered at present in the commercialization of

coal liquefaction.

HIGHER REACTOR GAS FLOW FOUND TO

INCREASE LIQUEFACTION YIELDS

In most direct coal liquefaction processes, pul

verized coal is liquefied in a recycled solvent at

around 450C and 15 MegaPascals. In such a

process, hydrogen gas is usually blown into the

coal-solvent slurry before the preheating stage.

The light fractions of the solvent in the feed

slurry and liquid product derived from the coal

are vaporized by the blown gas under the liq
uefaction condition. Thus, the composition of

the liquid phase in the reactor under liquefaction

conditions differs from that of the feed solvent

being expected to influence the liquefaction

progress. In previous research, it has been

shown that a higher gas flow rate and lighter

feed solvent provide higher distillate and lower

heavy product (coal liquid bottoms) yields.

O. Okuma, of Kobe Steel Ltd., et al. discussed

the effects of gas flow rate on brown coal lique

factions in Fuel, Volume 77, Number 8,

pages 797-804. Specifically the reaction vari

ables such as temperature, hold-up, residence

time, and the concentrations of catalyst and

heavy fraction derived from coal were investi

gated to clarify the factors which enhance the

liquefaction through the gas flow rate effects.

Victorian brown coals, Orwell and Yallourn, were

evaluated in the presence of an ion-sulfur cata

lyst in a continuous reactor system using six

different solvents with a boiling point (bp) range

of180to420C.

The product yields indicate that the distillate

yield (boiling point <420C) and hydrogen gas

consumption (AH^ markedly increased at both

temperatures of 430 and 450C with an increase

in the gas flow rate. The increase in the distil

late yield was mainly due to the enhancement of

the coal liquid bottoms conversion to the solvent

fraction (boiling point 180 to 420C). The com

position of the coal liquid bottoms was found to

become lighter while the yields of preasphalte-

nes (benzene insoluble-pyridine solubles,
Bl-

PS) and asphaltenes (n-hexane insoluble-

benzene solubles) decreased. Such effects of

the gas flow rate were greater at 450C than at

430C. The CrC4 yield was scarcely influenced

by the gas flow rate, although it was larger at

higher temperature, regardless of the gas flow

rate. The H20 yield increased while (CO+CO2)
yield decreased along with the gas flow rate.

The coal liquid bottoms and solvent fraction

were more hydrogenated at higher gas flow rate

at both temperatures of 430 and 450C.
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A longer nominal residence time (Gnt) in

creased the distillate yield and decreased the

coal liquid bottoms yield. The yields of asphal

tenes and preasphaltenes in the coal liquid bot

toms were also reduced by the longer 6nt.

However, the changes in the coal liquid bottoms

and distillate yields between 2 and 3 hours (h) of

9nt were smaller than those between 1 and 2 h.

The yield of the solvent fraction at 3 h of 6nt
was smaller compared with that at 2 h, while the

distillate yield increased, indicating the conver

sion of the solvent fraction to the naphtha frac

tion. The yield of C1.C4 and the AH2 also in

creased along with the prolonged 6nt.

Estimation of the Actual State in the

Reactors

Distillation of the reactor liquid and liquid prod

uct showed that the reactor liquid became

heavier, while the liquid product became lighter,

by stripping off lighter fractions such as solvent

fraction along with the gas flow rate. Thus the

flow rate of the reactor liquid became smaller.

The gas hold-up increased with increasing gas

flow rate, which means that the actual residence

time of the reactor liquid (6RT) and the compo

sition of the solvent fraction differs from the 6nt
and the composition in the feed slurry.

The results confirm that the effects of increasing
gas flow rate on the liquefaction performance

are due to the enhanced vaporization of the re

actor liquid such as solvent fraction, and to the

acceleration of depolymerization of the remain

ing liquid in the reactors. Figure 1 shows the

relationship between the total 6rt through three

reactors and distillate yield for all experiments at

a fixed 6NT of 1.0 h. The total 6RT and distillate

yield proved to show a good correlation, re

gardless of the temperature and the position of

gas circulation. In addition, higher temperature

accelerates the depolymerization of heavy
product into the lighter one, and vaporizes a

lighter product, resulting in further prolongation

ofeRT.

The gas circulation within each reactor did not

influence the liquefaction performance. The

increasing gas hold-up with the gas flow rate

decreased the 6RT, however, this effect was

FIGURE 1
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very small compared with that of the decrease

in the reactor liquid by gas circulation. There

fore, the composition and total 6Rt of the reac

tor liquid with gas circulation within each reactor

where the vaporized fraction was returned to

each reactor, were considered to be almost

equal to that without gas circulation. Although

the gas/liquid interface increased along with the

gas hold-up, no improvement of the liquefaction

performance was observed, indicating the hy
drogen transportation from the bubbles to the

liquid did not influence it.

The increase in the 6RT with gas flow rate is

more effective for the enhancement of liquefac

tion performance than the decrease in the

slurry-feeding rate (6nt). In addition, the en

hancement of the liquefaction performance with

the increase in the total gas flow rate to solvent

feeding rate in the slurry is due to the stripping

of the solvent fraction, resulting in the prolonged

0RT and the increased concentrations of the

catalyst and heavy fraction in the reactor liquid.

Since the depolymerization of the heavy fraction

into the solvent fraction is enhanced as the

heavy fraction contacts more frequently with the
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catalyst, the effects of increasing gas flow rate

are further promoted. This cooperative effect

becomes larger at higher temperatures.

HYDRIODIC ACID AND MICROWAVES

ENHANCE COAL LIQUEFACTION

Liquefaction of coal aims to obtain liquid or sol

vent-soluble molecules by treating coal under

various conditions. Given the polymeric nature

of coal, bridges have to be broken in order to

obtain fragments of an appropriate size to be

solubilized by organic solvents. Previous re

search has shown that treating coal with hydri-

odic acid under microwaves in a sealed reactor

under a reducing atmosphere removes sulfur

from the coal.

J. Andres et al. of the Instituto de Carboquimica,

Zaragoza, Spain, analyzed the effect of such a

treatment on liquefaction yields and extract

quality. Their results were summarized in En

ergy & Fuels, Volume 12, pages 563-569.

Three low-rank coals were evaluated in this

study. Mostly the research was conducted with

the Sierra de Arcos coal. The following baseline

conditionswere chosen:

1 ,000Watts microwave power for 5 min

utes, temperature of 230C

Atmosphere of Ar with 5 milliliters (ml) of

H2 injected after reactor closure

75 ml of HI for the treatment of 5 grams

(g) of coal in the 500 ml reactor

Effect of Temperature

The total mass balance shows that an increase

in the temperature of reaction increases the

yield of extraction as well as the losses of mat

ter, especially for temperatures higher than

200C. Gas analyses showed no traces of or

ganic gases, carbon dioxide and hydrogen sul

fide being the only detected gaseous reaction

products. Elemental mass balances showed

that carbon losses increased slightly with reac

tion temperature. The behavior of carbon

shows that temperatures higher than 200C are

required to improve the yield of extraction. The

most severe losses correspond to sulfur com

pounds, specifically pyritic sulfur. Increasing the

temperature from 125C (near HI boiling point of

127C) to 230C increases hydrogen losses as

well as the amount of hydrogen transferred to

the extract, but the trend is reversed when tem

perature of 250C is used, with a net increase of

hydrogen content.

Infrared spectra of the obtained products indi

cate the destruction of the structure of kaolinite

and the formation of COOH and OH functional

groups by hydrolysis of ester and ether bonds.

In addition, more aliphatic moieties are formed

and extracted as the temperature of the reaction

increases.

Effect ofMicrowave Duration

A series of experiments was carried out to ana

lyze the influence of time in the reaction yields,

by keeping the other reaction parameters at

their base values and varying time of reaction

from Oto 20 minutes in 5 minute increments.

Increasing reaction times increase extract yields

as well as losses as a consequence of the reac

tions taking place in greater extension. The

main point seems to be that the extracts are

also reactive to HI, as there is a continuous in

crease in losses with reaction time, say Andres

et al. In this way, the yield of extract does not

increase regularly with reaction time but, as ob

served formass and C balances, a change from

10 to 15 minutes causes a reduction of the

amount of extract and increases losses. Sulfur

is heavily removed at longer times but the per

centage of sulfur in the extract seems to in

crease with reaction time.

The calculated elemental composition of the

extract shows that when increasing the reaction

time carbon, hydrogen and sulfur content grow,

with a lowering in the content of oxygen and

iodine (by difference). This leads to higher

quality extracts, with increasing amounts of

resins and saturated plus aromatics (the ele-
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mental S content is very low for long reaction

times) and fewer polar substances, indicative of

extensive degradation to lighter fragments with

lesser polarity. Inspection of the IR spectra

shows an increase in aliphatic groups in the

product.

Effect ofAcid Type

To determine if other acids besides hydriodic

acid could be used and what effect the concen

tration of this acid has on the extraction yields,

concentrated hydrochloric and orthophosphoric

acids were evaluated. Neither hydrochloric nor

orthophosphoric acid gave good results con

cerning liquefaction of coal. The same is true

for diluted hydriodic acid, with both 0.5 and

0.25 dilutions yielding poor results, as well as

the 5 percent hydriodic acid dilution with hydro

chloric acid to maintain high acidity. It seems

that the reaction pathways require concentrated

hydriodic acid to progress.

According to the authors, iodine plays an im

portant role in the reaction as evidenced by an
experiment carried out with 0.5 g of iodine

added to concentrated hydriodic acid. While the

net amount of extract is lower than that obtained

for concentrated hydriodic acid, the amount of

carbon transferred to the extract is higher using
iodine as is the reaction extension (extraction

yield plus losses), with a net uptake of hydrogen

showing up in the extract.

Effect of Coal Type

The treatment with hydriodic acid allows an in

crease in the extraction yield for all the coals

studied, this increase being more important for a

less evolved, very special coal like Virgen del

Pilar, from the Mequinenza Basin (see Table 1).

Conclusions

From a coal liquefaction perspective, an exten

sive optimization of the process is needed to

attain yields of extraction higher than those

shown in the present work. For that matter,

working at higher hydrogen pressures and

longer times should allow greater carbon recov

eries and better extract characteristics, as those

obtained here are too polar for its intended use,

say Andres et al.

BIOMASS FRACTIONATION APPLIED TO

COAL LIQUEFACTION

Direct methods of coal conversion to liquids

have been studied in depth; however, the iden

tification of methods to lower reaction severity

and cost has been slow.

Some research has shown that for lower rank

coals, particularly lignites, reaction severity can

TABLE 1

APPLICATION OF THE HI TREATMENT TO DIFFERENT COALS

Coal
Yield*

Cf%) H(%) O (%) S (%) S^^ (%) Extract*
(%)

Sierra de Arcos 75.9 47.6 3.2 3.7 0.3

Virgen del Pilar 75.4 50.9 4.7 9.7 0.2

Pozo Pilar 67.7 43.1 3.6 9.3 0.1

3.4

6.4

1.3

19.6

39.6

14.1

*Referenced to raw coal.
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be reduced. It is thought that the mechanism

that drives coal reactions in the 350 to 450C

range is the thermolysis of C-C bonds and par

ticularly C-O bonds; lower rank coals contain

more oxygen functionality, and therefore, these

coals tend to react at the lower end of this tem

perature region because C-O bonds are weaker

than C-C bonds. The main limitation to lowering
the reaction severity of coal liquefaction proc

esses is identifying a reaction method that is not

completely dependent on the thermolysis of C-C

and C-O bonds for depolymerization.

An energy project at the University of Texas of

the Permian Basin (UTPB) relates to the reduc

tive depolymerization of biomass polysaccarides

to C5 and C6 hydrocarbons. Since coal essen

tially represents a degraded biomass, it is envi

sioned that the reactions used to fractionate

biomass into polyols and lignins, and to further

react the latter, might be equally successful

when applied to low rank coals. C. Burgess, of

the UTPB, et al. discussed the results of this

research at the
215th

American Chemical Soci

ety National Meeting held in Dallas, Texas,
March 29 through April 2.

The subbituminous C coal was obtained from

the Pennsylvania State University Coal Sample

Bank (COPL), denoted by DECS-1. Reactions

of coal with NaOH were carried out in a 1 -gallon

Parr stirred autoclave. The reactions were run

at 240, 270 and approximately 300C under

700 psi hydrogen (initial) using a carbon-

supported ruthenium catalyst (Ru/C). Reactions

were run at the designated temperature for ap

proximately 6 hours.

Percent of Coal Extracted

For all reactions, more than 90 percent of the

organic matter from DECS-1 was extracted

and/or dissolved. About 85 to 95 percent of the

coal was extracted into the aqueous base solu

tion. As the temperature increases, then the

amount of coal extracted into the aqueous base

slightly decreases. For reactions at 240 and

270C, the other materials extracted from the

remaining catalyst/organic/ash residue (CH2CI2

and THF-soluble compounds) amounted to

about 4 to 5 percent. However, at 300C, the
CH2CI2- and THF-soluble compounds increase

to 15 percent. This suggests the reaction

chemistry is changing with increasing tempera

ture and this may account for the higher propor

tion of neutral compounds and less of the acidic

compounds at higher temperature, i.e., more

thermolytic reduction.

The 240C reaction had the highest percent

NaOH-solubles, 95 percent with 49.7 percent

solids and 45.8 percent (determined by differ

ence) of material either left in solution or gase

ous reaction products. At 270C a lower amount

of coal was solubilized by the base, 87.5 per

cent, but a much greater proportion, 72.7 per

cent, was solids. At 300C, only 84.5 percent of

the coal was solubilized by the base, but only
34.9 percent precipitated out. Since the major

ity of the coal was extracted into the base solu

tion, determining the product character of this

fraction is important in understanding the reac

tion chemistry.

NaOH-Soluble Products

Most of the work completed has been done on

the 240C reaction solids from the acidification

of the base solution. The hydrogen to carbon

(H/C) ratio is 1 .0 and the oxygen to carbon ratio

(O/C) ratio is 0.3, compared to the coal H/C of

0.98 and O/C of 0.23. This suggests that at

240C hydrolysis mostly accounts for the strong

oxygen increase and not much hydrogenation

has occurred. In fact, more hydrogen is con

sumed at higher temperature.

None of the solids (acids) proved soluble in

CH2CI2 or other less polar solvents. The mate

rial is therefore thought to be very polar and

possibly also of very high molecular weight.

Significantly fewer aliphatic and large aromatic

compounds are detected from the NaOH-

solubles than from the parent coal. These com

pounds may be present in a different fraction

obtained by extraction with other solvents. The

compounds in the NaOH-soluble product have

been identified as predominantly alkylated aro

matic compounds with or without -OH function

ality. The liquids that remain in the water have
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not yet been completely isolated. Work contin

ues to more efficiently extract the compounds

from the water so as to complete the material

balance.

Comparative Reactions

As stated earlier, these reactions of coal were

suggested as an extension of lignin reactions in

the literature, so a comparative reaction with

lignin was done under these conditions. Less

lignin reacted than the coal reaction at 240C.

Lignin reactions of higher temperatures are

planned. The amount of coal extracted under

these reaction conditions is significant, as most

reactions at these temperatures produce little if

any product. While the ultimate goal of high

conversion efficiency of coal into small phenolic

liquids has not yet been achieved, a significant

amount of liquefaction and a remarkably high

conversion to more soluble/extractable products

(with little mineral matter left in the organic ma

terial) has been realized. Further analytical data

are required to show the extent of conversion to

small (liquid) molecules, say Burgess et al.

HYDROGENATED RESID MAKES GOOD

COAL LIQUEFACTION SOLVENT

Petroleum crude is becoming heavier and the

amount of vacuum tower resids produced in

refining has been steadily increasing. Many
have suggested that the combination of coal

liquefaction and heavy resid upgrading has eco

nomic and processing advantages over the di

rect liquefaction of coal.

Coprocessing can also improve the quality of

the petroleum resid used by the removal of the

vanadium (V) and nickel (Ni) complexes be

cause the undissolved coal could act as a trap
for the metal removed from the resid, avoiding

the hydrodemetallation (HDM) reactions which

lead to metal deposition and catalyst poisoning.

Thus, coprocessing is beneficial in reducing the

deposition of coke and trace metals on a hydro

liquefaction catalyst. The liquids produced by

combined processing may also be more ame

nable to downstream processing and further

refining via existing technology and equipment

than liquids from a purely coal-fed plant would

be.

Y. Shi, of the University of Utah, et al. investi

gated the coprocessing of Illinois #6 coal with

Hondo petroleum resid in a paper presented at

the 215 American Chemical Society National

Meeting held in Dallas, Texas, from March 29

through April 2.

The objectives of the study are:

o To identify conditions for maximum re

moval of metals, mainly Ni and V, pres

ent in petroleum resid using coal with the

resultant product becoming a feed to

catalytic desulfurization and cracking

that does not severely shorten catalyst

life.

a To optimize conditions for the conversion

of both coal and resid to a liquid fuel

precursor.

The catalytic coprocessing of Illinois #6 coal

with Hondo resid (850P or whole resid) was

carried out using (NH4)2MoS4 as catalyst at dif

ferent temperatures and at 1,000 psig of H2

(cold). The influence of reaction time and the

ratio of resid to coal on the reactivity and prod

uct distribution from coprocessing were investi

gated. The effect on the coprocessing of
hydro-

genating Hondo resid in a pretreatment stepwas

also studied. The effects of catalysts on

coprocessing were studied using (NH4)2MoS4,

presulfidized CoMo/AfeOs,
Mo/Fe203/S042'

and

no catalyst.

Effect ofHydrogenation of Petroleum Resid

on the Coprocessing

After hydrogenation pretreatment of Hondo resid

(whole or 850P) using presulfidized

NiMo/AI203, the coal conversions from the

coprocessing were increased from 84.3 and

82.9 percent to 96.6 and 91 .4 percent, respec

tively. These results clearly demonstrate that
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the hydrogenated Hondo resid (whole or 850F*)
is a better coprocessing solvent than unhydro-

genated Hondo resid. The difference is proba

bly attributable to the formation of hydro-

polyaromatics in the hydrogenated Honda resid,

note Shi et al.

Analyses for Ni and V of the coprocessing prod

ucts from Illinois #6 with Honda resid and hy
drogenated Hondo resid are summarized in Ta

ble 1. After coprocessing, the Ni and V in oil

(cyclohexane solubles) were not detected above

the limit of detection for the coprocessing of

whole resid or with the coal. Most of the Ni and

Vwas trapped in the ash/char.

Effect of the Coprocessing Reaction Time

The asphaltenes conversion from both resid and

coal to gas and oil was increased from 46.1 per

cent at 10 minutes to 71.7 percent at 80 min

utes. Parallel with the asphaltenes conversion,

the asphaltenes for moisture and ash free coal

was decreased from 29.0 percent at 10 minutes

to 8.75 percent at 8.7 minutes, and the gas and

oil increased from 49.7 percent at 10 minutes to

77.0 percent at 80 minutes. In contrast, the to

tal coal conversion did not change much with

increasing reaction time. For most cases the Ni

and V in oil were below the detection limits and

most of the Ni and V was trapped in the

ash/char. It seems that Ni in asphaltenes and in

ash/char is independent of reaction time; how

ever, V in asphaltenes decreases with increas

ing reaction time , while V in ash/char increases

with increasing reaction time.

Dependence on Resid/Coal

When the amount of coal is fixed at 1 gram (g),
the asphaltenes conversion from both resid and

coal to gas and oil was decreased from

64.9 percent at 1 g of resid to 55.4 percent at

3g of resid. Correspondingly, the total coal

conversion was decreased from 93.0 to

70.5 percent, asphaltenes from moisture ash

free coal increased from 4.9 to 25.2 percent,

and the gas and oil decreased from 88.1 to

45.3 percent. These trends are related to the

limited hydrogen gas available.

When the resid was raised to 5 g, the total coal

conversion dropped to only 6 percent, the as

phaltenes conversion came mainly from the

TABLE 1

Ni AND V FROM THE COPROCESSING OF ILLINOIS #6 COAL

WITH HONDO RESID AND HYDROGENATED HONDO RESID

Oil Asohaltenes

Ni, V,

Ash/<

Ni,

Shar

Ni. V, V,

Reaction Svstem gpm rjprn ppm Gem fipm ppm

Whole Resid 78 150 ~

Hondo Resid (850^ 150 290 -- - --

Whole Resid + Coal
* *

150 36 1,700 1,200

850F+

Resid + Coal
*

0.62 320 150 2,500 980

Hydrogenated Whole Resid + Coal
* * 84 19 4,100 440

Hydrogenated
850F+

Resid + Coal
*

0.45 150 53 2,100 250

'Parameter not detected above limit of detection (limits of detection: Ni: 2.3 ppm; V: 0.40 ppm)
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resid and was increased to 71 .7 percent. When

the coal-to-resid ratio (coal/resid) was

0.2g/1.8g, no coal conversion was observed

and a 60.4 percent asphaltenes conversion was

totally dominated by the resid. When the ratio

of coal to resid was adjusted to 1 .6 g/0.4 g and

1.8 g/0.2 g, the total coal conversions were

23.1 percent and 20.1 percent, respectively.

Higher coal/resid ratios favor the V and Ni re

moval from resid.

COKE OVEN GAS CHEAP HYDROGEN

SOURCE FOR COAL LIQUEFACTION

As a method of coal conversion, hydropyrolysis

(HyPy) has advantages of increasing the oil

yield and obtaining char with low sulfur content

because of chemical reactions between H2 and

free radicals. However, it appears unprofitable

to undertake industrial HyPy with pure recycled

hydrogen in the present energy market because

of the high cost. To improve the economy of

the hydropyrolysis process by reducing the cost

of hydrogen, it has been suggested that cheaper

hydrogen-rich gases (such as coke-oven gas,

synthesis gas) could be used instead of pure

hydrogen.

H. Liao et al. of the Chinese Academy of Sci

ences, Taiyuan, Shanxi, China, investigated the

possibility of using coke-oven gas (COG) and

synthesis gas as reactive gases for coal pyroly

sis. Their results were summarized in Fuel,

Volume 77, Number 8, pages 847-851.

Influence ofOperating Conditions and Reac

tive Gases on Pyrolysis Yields

Increasing pressure and decreasing heating rate

enhance the coal conversion and oil yields from

coal pyrolysis with COG and hydrogen. Com

pared with HyPy at the same total pressure (3

MPa), the conversion and oil yields from coal

pyrolysis with COG are always low. However,

the unwanted water is high. Compared with

HyPy at the same hydrogen partial pressure, in

coal pyrolysis with COG (5 MPa), the yields of

char and oil increase, but the unwanted water

also increases. Thus using coke-oven gas in

stead of pure hydrogen in hydropyrolysis can

give higher char and oil yields at the same hy
drogen partial pressure; however, the total con

version and oil yield are always lower than those

from hydropyrolysis at the same total pressure.

The total conversion and oil yield from coal py

rolysis under inert gas are always lower than

those from hydropyrolysis and they are also

lower than those from coal pyrolysis with COG.

Coal Pyrolysis with COG, Hydrogen and Ni

trogen

Compared with HyPy at the same total pressure,
the yields of benzene, toluene and xylene (BTX)
and naphthalene are almost equal to those from

HyPy, and the yield of benzene is twice that

from hydropyrolysis. However, the phenol,

crysol and xylenol (PCX) yield is lower by about

3 percent. The contents of BTX and naphtha

lene in oil are higher than those from hydropy
rolysis, but the content of PCX is lower. At the

same hydrogen partial pressure, the yields of

BTX, PCX and naphthalene from pyrolysis of

Xianfeng coal with COG are significantly higher

than those obtained under pure hydrogen, and

the contents of these main components in oil

are high as well.

Coal Pyrolysis with Synthesis Gas

Like coke-oven gas, synthesis gas (SG) con

tains abundant hydrogen (about 65 volume per

cent) and can be used as the reactive gas in

hydropyrolysis instead of pure hydrogen. Com

parison of coal pyrolysis with SG/COG show

that the conversion and oil yield from coal py

rolysis under SG increase with pressure, as in

the case of coal pyrolysis with COG and hydro

gen.

Compared with HyPy at the same total pressure

of 3 MPa, the conversion and oil yields always

decrease, but the water increases because of

the reaction between H2 and CO in SG. The

contents of BTX, PCX and naphthalene in oils

from pyrolysis of Xianfeng coal under 3 MPa H2
and 3 MPa SG are almost equal, but the yields
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of these main components are always lower

than those from hydropyrolysis because of the

decrease of oil yield.

Compared with HyPy at the same hydrogen

partial pressure, the conversion, oil yield and

yields of BTX and PCX from coal pyrolysis un

der 5 MPa SG significantly increase.

Conclusions

The results reported show clearly the possibility

of using coke-oven gas and synthesis gas in

stead of pure hydrogen as the reactive gas for

coal hydropyrolysis, conclude Liao et al. They
also note that pressure and heating rate have an

important influence on pyrolysis yields. Higher

pressure and slower heating rate are helpful in

increasing oil yields and improving its quality.

EUTECTIC SALTS INVESTIGATED AS

GASIFICATION CATALYSTS

According to the Gas Research Institute (GRI),

by the year 2010, 40 percent or more of the

United States gas supply will be provided by
supplements including substitute natural gas

(SNG) from coal. Large-scale commercial

plants to produce SNG from coal will need to be

constructed to meet these projected demands.

Currently, proven so-called first generation

technologies for coal gasification include the

moving-bed Lurgi Pressure Gasification Proc

ess, Entrained-Bed Koppers-Totzek Process,

and the Fluidized-Bed Winkler Process. The

relatively newer technologies that have the po

tential for SNG manufacture include KBW

(Westinghouse) Ash Agglomerating
Fluidized-

Bed, U-Gas Ash Agglomerating Fluidized-Bed,

British Gas Corporation/Lurgi Slagging Gasifier,

Texaco Moving-Bed Gasifier, and Dow and

Shell Gasification Processes. However, these

newer technologies have several disadvantages

such as high severities of gasification condi

tions, low methane production, high oxygen

consumption, inability to handle caking coals,

and unattractive economics.

The catalysts which have been used for gasifi

cation can be roughly classified under the fol

lowing five groups: alkali metal salts; alkaline

earth metal oxides and salts; mineral sub

stances or ash in coal; transition metals and

their oxides and salts; and eutectic salt ma

tures.

The effects of the surface property of coals and

the application methods of eutectic salt mixture

catalysts with coal chars on the reactivity of

gasification are being investigated by
Y. Yeboah, of Clark Atlanta University, et al.

Their recent results were presented at the 1998

University Coal Research Contractor Review

Meeting held in Pittsburgh, Pennsylvania, in

June.

By using the eutectic mixtures of salts that show

good activity as individual compounds, the gas

ification temperature can be reduced possibly

with still better activity and gasification rates due

to improved dispersion of the molten catalyst on

the coal particles. For similar metal/carbon

atomic ratios, eutectic catalysts were found to

be consistently more active than their respective

single salts. But the exact roles that the eutectic

salt mixtures play in these are not well under

stood and details of the mechanisms remain

unclear.

The researchers identified a ternary eutectic salt

mixture consisting of Li- Na- and K-carbonates

as a potential gasification catalyst. Melting
points for various compositions consisting of

these three salts and the temperature range

over which the mixture remained molten were

determined. By increasing the amount of

Li2C03, the melting temperature range was re

duced significantly. In the literature, the eutectic

mixtures of Li- Na- and K-carbonates are

claimed to have a lower activation energy than

that of K2COs alone and they remain molten at a

lower temperature than pure K2C03. The slow

increase in the gasification rates with eutectics

reported in the literature is believed to be due to

a gradual penetration of the coals and coal char

particles by the molten and viscous catalyst

phase.
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In the next reporting period, a number of eutec

tic salts and methods of their application on the

coal will be identified and tested. The perform

ance of the catalysts on the gasification of Illi

nois #6 coal will be evaluated through bench-

scale fixed bed reactor studies.

HYDROBORATION PROCESS SIMPLE WAY

TO UPGRADE COAL

Coal hydrogenation as well as hydrogenation of

many other organic materials is a complicated

process usually involving either high tempera

ture and pressure regimes or the use of a vari

ety of different catalysts. Catalysts used for in

creasing coal hydrogenation efficiency

significantly improve the situation in coal hydro

genation but the mechanism of catalytic reac

tion with coal is not yet clearly understood.

An alternative method of coal hydrogenation,
based on a well-known synthetic reaction hy-

droboration commonly used in inorganic syn

thesis for production of terminal alcohols, was

discussed by E. Korobetskaya and H. Schobert

ofthe Pennsylvania State University at the
215th

American Chemical Society National Meeting
held in Dallas, Texas, March 29 through April 3.

Hydroboration is a reaction of boron hydride

with organic materials containing double or triple

bonds with formation of organoboranes. Or-

ganoboranes easily react with oxidative or re

ductive agents with formation of corresponding

alcohols or alkanes, respectively.

Based on current theories of coal structure and

the data of elemental and ultimate analysis, hy
droboration reaction may also be applicable as

a new method of mild hydrogenation of coal.

Coal contains a large number of heteroatoms

which are active in the process of hydroboration.

Also there is a hypothesis in coal chemistry that

coal structure may contain a large number of

reactive double bonds, possibly enough to react

with boron hydride.

Results and Discussion

Table 1 shows the data obtained from elemental

analysis of the samples and the hydrogen and

carbon distribution calculated from the Fourier

transform infrared (FTIR) data. Total percent

age of carbon slightly decreases for the hy-

droborated sample, which indicates some loss

of organic material in the gaseous form during
the hydroboration-protonolysis process. Total

percentage of hydrogen did not change, indi

cating some replenishment of hydrogen, lost in

the gaseous form, by protonolysis. The hydro

gen to carbon (H/C) ratio, calculated from ele

mental analysis data, is higher for the hydrobo-

rated sample. The decrease of apparent

aromaticity for the hydroborated sample proves

the reduction of some aromatic structures.

These data support the conclusion of partial hy
drogenation of aromatic fraction in coal struc

ture.

TABLE 1

STRUCTURAL PARAMETERS FOR THE ORIGINAL AND HYDROBORATED SAMPLES

OF PITTSBURGH #8 COAL

Sample

Original

Hydroborated

2&Q 2fcfcl dZG H../hL H,r wt.% H... wt.% HJH Crtwt.% C^wt.% U

84.75

83.5

5.66

5.67

0.802

0.815

0.964

0.688

2.775

2.305

2.888

3.354

0.514

0.598

19.24

22.21

65.51

61.29

0.773

0.732
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Conclusions

From the results presented in Table 1 , there is

significant evidence of the occurrence of the

reaction between coal and the borane-

tetrahydrofuran complex. The characteristics

calculated from FTIR data indicate that aromatic

structure of coal is reactive in the hydroboration-

protonolysis process.

This method does not require high temperature

and high pressure; it has simple experimental

design. The four-center mechanism of hy
droboration is well investigated. Further inves

tigation of hydroboration-protonolysis in the ap

plication of coal, liquids from coal, and

petroleum may reveal new promising advan

tages of this method.

ENVIRONMENT

FATE OF SULFUR DURING COAL

PYROLYSIS TRACKED

Sulfur is a major factor in inhibiting the effective

and extensive utilization of coal. A number of

coal desulfurization methods have been devel

oped, which range from simple crushing and

grinding to reduce inorganic sulfur, to extensive

chemical treatment. However, an effective and

economic process to remove organic sulfur re

mains to be found.

Recently pyrolysis (Py) and hydropyrolysis

(HyPy) as processing technologies have re

ceived more attention because they are not only
an important intermediate stage in coal gasifi

cation, combustion and liquefaction, but also

simple and effective methods for clean conver

sion of coal.

The transformation of sulfur during Py under

nitrogen and HyPy of coal was investigated by
H. Chen et al. of the Chinese Academy of Sci

ences, Shanxi, China. Their results were sum

marized in an article in Fuel, Volume 77, Num

ber 6, pages 487-493.

Chinese Yanzhou high-sulfur bituminous coal

and Hongmiao lignite were used in this study.

Py and HyPy were performed in a fixed-bed re

actor at temperatures of 350 to 650C.

Sulfur-Containing Gases

A number of volatile and gaseous sulfur com

pounds are formed in Py and HyPy of Yanzhou

and Hongmiao coals. As expected, the major

sulfur containing gases are H2S, COS, CH3SH

and CS2. In addition, traces of C2H5SH and

thiophene were also observed.

The amount of H2S in HyPy is higher than that

in Py for both coals. However, at the low tem

perature stage (500C for Yanzhou coal, 450C

for Hongmiao coal) there is little difference in

H2S formed by both coals, while a large differ

ence occurs at higher temperature.

The COS formed in Py is higher than that in

HyPy for both coals (15 to 17 parts per million

per gram [ppm/g] coal dry ash free [daf] max

versus 2 to 5 ppm/g coal daf). The CH3SH

formed in HyPy is also higher than that in Py for

both Yanzhou and Hongmiao coals. There is no

significant difference in the evolution of CS2

during Py and HyPy of Yanzhou and Hongmiao

coals.

Sulfur Contents in Char and Tar

ForYanzhou coal, the sulfur contents in residual

char gradually decrease from 2.65 weight per

cent at 350C to 1 .65 weight percent at 650C in

HyPy. In Py the sulfur contents are little

changed in the early stage up to 400C, then

they decrease with increasing temperature.

Above 550C, the sulfur content does not mark

edly change and becomes constant at almost

2.3 weight percent. It was also established that

the sulfur content in tar is almost the same dur

ing Py and HyPy ofYanzhou coal.

For Hongmiao coal in Py and HyPy, the char

sulfur content decreases below about 550C and
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then increases at higher temperatures. In HyPy
this increase is more pronounced. There is also

a great difference in the tar sulfur content under

HyPy and Py. In HyPy, the tar sulfur content

decreases from 1.2 percent at 450C to

0.70 percent at 650C, while in Py there is a

maximum tar sulfur content at about 500C.

This clearly demonstrates that HyPy reduces the
sulfur content in comparison with Py.

Desulfurization

For Yanzhou and Hongmiao coals, the desulfu

rization yields are higher in HyPy than those in

Py over the temperature range studied. At

650C, the desulfurization yields in Py and HyPy
of Yanzhou coal are 50.9 and 68.2 weight per

cent, respectively. Above 450C, because of

the influence of mineral matter, the desulfuriza

tion of Hongmiao coal is relatively lower than

that of Yanzhou coal. At 650C, the desulfuri

zation yields in Py and HyPy of Hongmiao coal

are 36.3 and 56.0 weight percent, respectively.

However, below 450C the desulfurization of

Hongmiao coal is higher, implying that there is a
higher ratio of easily decomposed sulfur-

containing compounds, mainly aliphatic sulfur,

in the Hongmiao coal. This is also consistent

with the rank order of these two coals.

Sulfur Distributions

Comparison of the sulfur distributions in char,

tar and gas of Yanzhou coal in Py and HyPy
show that the sulfur removed in gaseous prod

ucts was 59.9 and 45.1 weight percent in HyPy
and Py, respectively.

Based on the changes of organic sulfur during

Py and HyPy, it is found that below 500C the

percentages of organic sulfur in the char are

almost the same in these two processes. Above

this point it decreases continuously in HyPy,

while there is little change in Py. At 650C the

organic sulfur removal is 68.2 and 53.7 weight

percent in HyPy and Py, respectively. This indi

cates that below 500C the decompositions of

aliphatic sulfides, mercaptans and disulfides

have almost the same behavior in Py and HyPy.

Therefore, in this stage, hydrogen atmosphere

has little influence on desulfurization of organic

sulfur.

From 550 to 650C, the residual organic sulfur

forms, mainly thiophenic and aromatic sulfur,

are thermally stable in Py, leading to unchanged

organic sulfur with increasing temperature. In

HyPy this organic sulfur can be partially hydro

genated, decomposed and then subsequently

removed.

RESOURCE

CAVITY GROWTH IN IN SITU COAL

GASIFICATION MODELED

Underground Coal Gasification (UCG) is the

only economically acceptable way to exploit

thin, deep seams such as those situated in

Western Europe. In UCG a gasifying agent is

injected via a deviated in-seam well and the

gasification product is recovered via a vertical

well. Gasification is carried out along a hori

zontal channel drilled in the seam from the de

viated well and leading to the recovery well.

In order to simulate the cavity growth of an un

derground gasifier in thin seams at great depth,

a new 2-dimensional model was developed.

P. Pirlot, of the University de Liege, Belgium, et

al. discussed the model in In Situ, Volume 22(2),

pages 141-156. This model combines a repre

sentation of flow through rubble and ash in a

central zone surrounding the gasifying agent

injection point, with the calculation of chemical

processes in a peripheral zone adjacent to the

coal wall.

The model facilitates the determination of the

cavity shape evolution, as well as the evolution

of temperature and concentration profiles along

the coal wall. The influence of several pa

rameters can be evaluated: gasifying agent

flow and composition, distance between wells,

recovery pressure, coal composition, water in

trusion, etc.
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Results

The model was used to simulate an under

ground gasification reactor in European condi

tions. A semicircular cavity, 6 meters in di

ameter connected with an in-seam channel of

0.5 meter width, is considered as the starting
point for simulation (i.e., time = 0). The width of

the peripheral high-permeability zone is 1 meter,

and the thickness of the coal seam is 2 meters.

The permeability ratio between the 2 zones is

100. The temperatures, gas concentrations and

coal consumption profiles along the coal wall

after 15 days of gasifier development are nearly
constant. Temperature and coal consumption

profiles first increase and then decrease slowly,

until a value of the curvilinear coordinate corre

sponding to the entrance of the exit channel is

reached. The maxima both occur at almost the

same value (Zmax) which corresponds with the

maximum value for the flow of gasifying agent

and with the escape route offering least resis

tance to the fluid between the two wells.

Concentration profiles show similar characteris

tics: a maximum or a minimum of the same

value Zmax. At the entrance of the in-seam

channel leading to the recovery well, the gas

ifying agent flux increases sharply because a

significant fraction takes the shortest path be

tween the two wells, causing an increase in the

coal consumption and in the temperatures of

both the gas and the solid. Afterwards, the coal

consumption results only from gasification reac

tions and therefore temperature decreases

slightly.

The final gasifier area, the power, and the trial

duration all increase significantly as the perme

ability ratio increases. The increase in trial du

ration simply means that the central low-

permeability zone reaches the recovery well

later. The gasifier area for a specific time is

insensitive to the permeability ratio. This im

plies proportionality between the final gasifier

area and the trial duration.

The increase in instantaneous power and trial

duration with the permeability ratio leads to the

conclusion that the permeability ratio is one of

the main parameters in determining the success

of underground coal gasification.

Conclusions

The UCG cavity growth model developed in this

work is an improved model in terms of flow and

chemical process characterization. The model

simulates UCG cavity evolution based on one

main parameter, the permeability ratio between

the low- and high-permeability zones. The cav

ity shapes obtained relate well to data collected

in previous field trials. This study leads to a

general model useful for posthurn analysis in

terpretation and process control optimization.
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PROJECT ACTIVITIES

WYOMING 8,000 BPD SYNTROLEUM GTL

PROJECT LAUNCHED

In February Syntroleum Corporation signed a

deal with an Enron subsidiary to develop an

8,000 barrel per day gas-to-liquids specialty
product plant in Sweetwater County, Wyoming.

Enron Capital & Trade Resources Corporation

(ECT), Syntroleum and SLH Corporation have

contributed a total of $3 million to fund detailed

engineering, land purchase and other

development costs. Subject to certain

conditions, ECT has committed an additional

$14.5 million for a minority interest in the plant.

The plant will utilize the Syntroleum Process to

convert natural gas into specialty products,

including synthetic lubricants, drilling fluids and

liquid normal paraffins. The plant should also

generate in excess of 50 megawatts of

electricity for sale to others. Bateman

Engineering has been elected as the

engineering contractor on the project.

Construction is scheduled to begin in late 1998

and the plant is expected to be operational in

2001.

Separately, Syntroleum announced the signing

of a non-exclusive volume license agreement

under which ECT or other Enron affiliates

acquired the right to license the Syntroleum

Process outside of North America for the

production of liquid fuels. Other companies that

have licensed the Syntroleum Process include

Texaco, ARCO, Marathon, YPF and Kerr-

McGee.

SLH Merger

In March Syntroleum announced its intention to

merge with SLH Corporation, which owns

approximately 31 percent of Syntroleum. The

transaction is expected to close by the end of

the second quarter 1998.

In the merger, all outstanding shares of

Syntroleum common stock will be exchanged

for shares of SLH common stock. All

outstanding shares of SLH stock will remain

outstanding. The name of SLH will be changed

to Syntroleum, and SLH management and six of

the eight SLH directors will be replaced with

Syntroleum management and directors.

A principal purpose of the merger is to provide

Syntroleum with access to the approximately

$50 million of SLH's cash and other assets to

fund Syntroleum's capital commitments to the

Wyoming gas-to-liquids project. The capital will

also be used to continue research and

development of process improvements and for

general working capital.

NORSK HYDRO PROPOSES NATURAL

GAS-TO-HYDROGEN POWER GENERATION

Norsk Hydro, the Norwegian energy, chemicals

and metals company, is considering producing

hydrogen from natural gas for use in power

generation. The goal of the project is both to

produce
"clean"

carbon dioxide from natural gas

for enhanced oil recovery (EOR) in North Sea

Oil fields, and to significantly reduce

atmospheric C02 emissions in the process.

The hydrogen would be produced by steam

reforming, the same process as is used in Norsk

Hydro's ammonia plants. Methane, the main

ingredient of natural gas, is reacted with steam

at a temperature of around 900C, releasing

hydrogen. At the same time, the carbon in the

methane is oxidized to carbon dioxide. H2 and

C02 are separated into highly concentrated

streams by techniques already in use in

ammonia plants. After drying, the C02
separated from the hydrogen production would

be used for enhanced oil recovery (EOR) in the

offshore Grane field. The Grane project would

require 4 to 5 million tonnes of CO^ per year for

15 years.
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Hydrogen from the reformer will be burned in

gas turbines in a combined-cycle power station,

with a steam-turbine bottoming cycle to make

the best use of the heat available from

combustion. Two plants would be built at

onshore locations on the west coast of Norway,
in Rogaland and Hordaland. The plants would

need about 2 billion cubic meters of natural gas

per year as raw energy and fuel gas source.

With an annual capacity of about 11 billion

kilowatt-hours, the plants would provide about

10 percent of Norway's current power

generation. By removing the carbon dioxide out

of the natural gas before combustion, C02
release into the atmosphere is reduced by as

much as 90 percent.

Preliminary estimates suggest that the total

capital cost of the plant will be US$1.1 to

1.3 billion including pipelines to deliver the C02
to Grane. The cost of electricity will be higher

than from conventional gas-fired plants but this

will be partly offset by income from using the

C02 for EOR. Power will be sold within the

Nordic countries, and possibly for use offshore

to reduce use of natural gas (which is subject to

a carbon tax).

An intensive research and development

program is underway to confirm that this novel

combination of known processes will yield the

results expected, and to verify the estimates of

investment and operating costs.

SHELL BEGINS RECONSTRUCTION OF

MALAYSIAN GTL PLANT

Shell Malaysia has decided to begin

reconstruction of its gas-to-liquids (GTL) plant in

Bintulu, on the coast of Sarawak, East Malaysia,

subject to arrangements for long-term gas

supply and approval from local government

authorities. (See related article elsewhere in

this issue.)

The facility has been shut down since

December 25, 1997, when it was severely

damaged by a fire in its air separation unit.

Twelve employees were injured in the incident.

Shell says the accident was unrelated to the

core Shell Middle Distillates Synthesis

technology. Accident investigators determined

that a buildup of airborne contaminants on the

vaporizerwithin the unit led to the fire. The new

design includes an improved filtration and

purification system that "will ensure the safe

operation of the air separation
unit,"

Shell says.

Restoration work will commence at the end of

June 1998 when it is expected the final loss

management plan will be agreed to with

insurance parties. Production is scheduled to

resume in early 2000.

CORPORATIONS

SYNTROLEUM ADDS 16,500 SQUARE FOOT

RESEARCH LABORATORY

In June Syntroleum Corporation completed the

purchase of a 16,500 square-foot laboratory

facility and approximately 95 acres of land in

Tulsa, Oklahoma. The research facility was

constructed in 1988 and was formerly owned by
Laidlaw Environmental Services Inc. of

Columbia, South Carolina.

The facilities will be used to expand

Syntroleum's research and development

activities related to the company's processes for

converting natural gas into synthetic fuels and

other specialty hydrocarbon-based products.

When fully equipped and operational, the new

laboratory will quadruple Syntroleum's existing

R&D facilities, already among the world's largest

devoted to Fischer-Tropsch process research.

The adjacent land will be used for consolidating

existing and future pilot-plant activities.
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CHEVRON AND SASOL TEAM TO BUILD

NIGERIAN GAS-TO-LIQUIDS PLANT

Sasol Limited and Chevron Corporation are

teaming up to design and build a 20,000-barrel

per day (bpd) natural gas-to-liquid fuels plant in

Nigeria. The venture will use Sasol's Slurry
Phase Distillate Fischer-Tropsch technology and
Chevron's hydroprocessing technology to

produce high-quality diesel and naphtha

products. Autothermal reforming technology
owned and developed by Haldor Topsse A/S of

Denmark will also be used.

The facility is to be constructed adjacent to the

Escravos Gas Project, commissioned last year

by Chevron Nigeria Limited, the operator of the

joint venture project with Nigeria National

Petroleum Corporation, and will be fueled by
associated gas processed at the plant. The

plant will require approximately 200 million

standard cubic feet per day of feedstock gas.

Thus the GTL project will commercialize gas

reserves of Chevron Nigeria and eliminate

flaring. The estimated cost of the plant is some

$500 to $600 million ($25,000 to $30,000 per

barrel of installed daily capacity).

This is the second full-scale commercial GTL

project for Sasol. Last year the company

clinched a deal with Qatar to build a similar unit

at Ras Taffar to exploit further the supergiant

North Field. Plans for that $500 million plant,

announced last July, call for a 20,000-bpd

capacity in two trains scheduled for operation in

2002.

SYNTROLEUM FUNDS RESEARCH OF

LOW-COST CATALYSTS BY CATALYTICA

Syntroleum Corporation of Tulsa, Oklahoma,
will partially fund Catalytica Advanced

Technologies Inc's research project to develop
an advanced process for conversion of natural

gas to liquid fuels. Catalytica is currently

working on a new class of catalysts that would

directly oxidize methane into methanol or other

liquid hydrocarbons, a process the company

claims is more cost-effective since liquids can

be transported more quickly than gas to remote

areas.

In 1997 Catalytica received a $2 million, 3-year

grant for its research from the Advanced

Technology Program of the United States

Department of Commerce. Syntroleum will

supplement this funding in each of the next

three years. Once agreed-upon benchmarks

are met, Syntroleum will pay to develop the

technology through the pilot plant stage.

Syntroleum will then have exclusive rights to

market the technology, for which Catalytica and

its original partners, Mitsubishi Oil and Petro

Canada, will receive royalties.

GOVERNMENT

U.S. DEPARTMENT OF ENERGY SUPPORTS

METHANE HYDRATE RESEARCH

A methane hydrate is a cage-like lattice of ice,
inside of which are trapped molecules of

methane (the chief constituent of natural gas).

Methane hydrates form in generally 2 types of

geologic settings: (1) on land in permafrost

regions where cold temperatures persist in

shallow sediments, and (2) beneath the ocean

floor at water depths greater than about

500 meters where high pressures dominate.

The hydrate deposits themselves may be

several hundred meters thick.

Worldwide, estimates of the natural gas

potential of methane hydrates approach

400 million trillion cubic feet a staggering

figure compared to the 5,000 trillion cubic feet

that make up the world's currently known gas

reserves. This huge potential alone warrants a

new look at advanced technologies that might

one day reliably and cost-effectively detect and

produce natural gas from methane hydrates.

According to the United States Department of

Energy (DOE), if only 1 percent of the methane
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hydrate resource could be made technically and

economically recoverable, the United States

could more than double its domestic natural gas

resource base.

In May R. Kripowicz of DOE addressed the

Subcommittee on Energy, Research,

Development, Production, and Regulation of the

United States Senate Committee on Energy and

Natural Resources regarding DOE's position on

the Methane Hydrate Research and

Development Act of 1997.

DOE's Previous R&D Program

The Glomar Challenger's retrieval of a 3-foot

long hydrate core in 1981the only one at that

time known to exist in the Western

Hemisphere intensified interest in methane

hydrates. Analysis of this sample kicked off a

new effort by the DOE Office of Fossil Energy to

study the physical and chemical properties of

hydrates, the mechanisms for their formation

and dissociation, and the geological

characteristics of marine and Arctic hydrate

formations.

From 1982-1992, DOE's methane hydrate

program spent $8 million in developing a

foundation of basic knowledge about the

location and thermodynamic properties of gas

hydrates. DOE's initial methane hydrate

research ended as priorities shifted to more

near-term exploration and production, research

and development (R&D).

In FY1997 and FY1998, DOE provided a small

amount of funding from its Natural Gas Supply
Program to support activities in preparation for a

more definitive program proposed for FY1999.

Because future program activities are still in the

formative stage, DOE requested only a minimal

level of R&D funding in its FY1999 budget

submission to Congress. Included in the budget

proposal is $500,000 to begin answering the key
uncertainties that must be addressed before

methane hydrates become a commercially

realistic energy resource.

The goals outlined in DOE's proposed Methane

Hydrates Program Plan include:

Determining the location and sedimentary
relationships of methane hydrate resour

ces to assess their potential as a

domestic and global fuel resource.

Developing the knowledge and tech

nology necessary for commercial

production of methane from oceanic and

permafrost hydrate systems by 2015.

a Developing an understanding of the

dynamics and distribution of oceanic and

permafrost methane hydrate systems

sufficient to quantify their role in the

global carbon cycle and climate change.

a Developing an understanding of the

hydrate system in near-sea flow

sediments and sedimentary processes,

including sediment mass movement and

methane release so that safe,

standardized procedures for hydrocarbon

production and ocean engineering can be

assured.

The Methane Hydrate Research and

DevelopmentAct

The Methane Hydrate Research and

Development Act of 1997 (Senate Bill 1418)
would promote the research, identification,

assessment, exploration, and development of

methane hydrate resources. This legislation

provides a clear endorsement from Congress of

federal research efforts to better understand the

true energy potential of methane hydrates.

Senate Bill 1418 is consistent with the goals

DOE has established for the federal hydrates

R&D program, according to Kripowicz. The

DOE supports the public-private partnership,

with shared responsibilities and resources

described in the legislation. It is particularly

important that the private sector, which will

ultimately be responsible for converting R&D

results into commercially-viable production
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methods, be part of the project team early in the

R&D process. As other longer-term tech

nologies mature, the proportion of industry cost-

sharing in these areas is expected to increase to

significant levels.

ECONOMICS

ECONOMICS OF GTL TECHNOLOGY

ENSURES BOOM, PREDICTS ADL

A new study completed by Arthur D. Little Inc.

(ADL) shows that recent technological

improvements and operational experience have

finally made gas-to-liquids (GTL) technology an

attractive alternative to the traditional methods

of commercializing remote natural gas i.e.,
liquefaction (LNG) and pipeline gas.

"We expect to see a 1 to 2 million barrel per day

(bpd) GTL industry evolving over the next 15 to
20 years to the tune of 25 to 50 billion dollars of
investment,"

according to T. Partridge of ADL.

However, ADL estimates that 1 1 million barrels

per day of GTL capacity could be built based on

known economic gas reserves.

ADL says that steady improvements in GTL

technology, rather than single breakthroughs,
have moved the process closer to commercial

viability. These improvements include:

Larger air separation units (maximum

size has increased to 3,500 tons per day
from 1 ,500 tons per day).

Higher-capacity synthesis gas production

(syngas generation capacity has

increased by a factor of 3 to 4).

Improved multiphase reactor technology
(for slurry and hybrid-type reactors).

Improved cobalt-based synthesis catalyst

(better activity and selectivity).

These advances have led to an increase in the

maximum single-train capacity of GTL plants.

The impediments to the rapid realization of the

full potential of GTL are low oil prices, market

barriers, contractor capacity limitations, and

technology risks. ADL's study, which analyzes

the three leading GTL technologies (Exxon,
Sasol and Shell ) at plant output sizes ranging
from 5,000 to 100,000 bpd in 11 gas-rich

locations around the world, concludes that all

three are both technically viable and

economically competitive at plant capacities

exceeding 50,000 bpd in locations with low

construction costs and natural gas costs. "Scale

(the bigger the better), location and gas price

are the keys to
success,"

says Partridge, "and

the combination of these factors points to the

Middle East, Russia and parts of Latin America

as the most attractive places for GTL
projects."

Commercialization of GTL technology will be

profoundly affected by the licensing strategies of

technology owners. Currently, a number of oil

and gas companies are pursuing their own

research and development (R&D), or are

appraising third party technologies, but few are

willing to license. This means that industry
players without GTL technology will need to find

partners to accelerate internal R&D.

TECHNOLOGY

CASE STUDY PRESENTS HISTORY OF

SHELL MIDDLE DISTILLATE SYNTHESIS

PROCESS

The Shell Middle Distillate Synthesis (SMDS)
process converts a mixture of carbon monoxide

and hydrogen (synthesis gas) to paraffmic

hydrocarbon products, notably middle distillates

(gasoil, kerosene) that can be used for high

quality transport fuels (diesel fuel, aviation jet

fuel). Since synthesis gas can be made from

natural gas, the SMDS process provides a route

for the transformation of natural gas to liquid
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transportation fuels. The history of

development of the SMDS process was

summarized by S. Sie of Delft University

Technology in Reviews in Chemical

Engineering, Volume 14, Number 2,

pages 109-155.

The SMDS Process

The SMDS process consists of two stages, the

Heavy Paraffin Synthesis (HPS) stage followed

by a Heavy Paraffin Conversion (HPC) stage.

In the application of SMDS for conversion of

natural gas, these stages are preceded by a

synthesis gas manufacturing stage.

Figure 1 shows a simplified flow scheme of the

SMDS process. Heavy paraffins produced from

synthesis gas in the HPS stage are flashed to

remove light components. Flash bottoms

consisting of heavy paraffins are processed

together with an optional recycle stream of

heavy paraffins from the HPC stage. In this

stage the heavy paraffins are cracked under

mild conditions in the presence of hydrogen.

Aside from reducing the molecular weight, the

HPC stage also imparts a certain degree of

chain branching to the paraffins in order to

satisfy the requirements of cold flow properties

of the middle distillate products. Other functions

of the HPC stage are to remove some olefinic

double bonds and oxygen-containing groups in

the product in order to satisfy demands on

stability and water-shedding properties of the

products.

The product from the HPC stage is sent to a

fractionator, where the desired product fractions,
tops (light naphtha) and heavier naphtha,

kerosene and gasoil are isolated. Heavier

hydrocarbons obtained as a bottoms stream can

be recycled to the HPC stage for conversion to

extinction. Depending upon the severity in the

HPC stage and the fractionator cut points,

production of either gasoil or kerosene can be

emphasized.

The products of the SMDS process are free of

sulfur, nitrogen and other contaminants. They
consist mainly of normal and single-branched

paraffins, aromatics being absent. The naphtha

fraction is an excellent feedstock for an ethylene

cracker, while the kerosene and gasoil fractions

are suitable for high-quality jet fuel and diesel

fuel, respectively.

Commercial Implementation ofthe SMDS

Process

The SMDS process development work was

done at the Koninklijke/Shell Laboratorium

(KSLA) at Amsterdam in the 1980s, following
earlier exploratory research in the late 1970s on

synthesis gas conversion, which led to the

concept underlying the SMDS process. The first

commercial SMDS plant was built in 1993 in

Bintulu in the Serawak region of Malaysia.

Equity partners are the Serawak State

Government, Petronas, Mitsubishi Corporation,

and Shell Gas BV with a majority share. Shell

chose the multitubular trickle-bed technology for

their first commercial plant based mostly on

timing. Within the business sector's

commercialization plans there was no place for

a time-consuming and costly demonstration

phase.

Development of the multitubular trickle-bed

technology was considered to be possible in the

time available, at attractive costs and with

acceptable risks. Preliminary reactor designs

showed that a reasonably large unit capacity

(much larger than in existing technology) can be

realized in commercial reactors. Moreover, it

was expected that further increase in reactor

capacity for later generation plants should be

possible by reactor improvements without

departing from the fixed trickle-bed concept.

The plant was intended to process 100 million

standard cubic feet per day of offshore natural

gas mainly from the Central Luconia gas fields

into some 470,000 tons per annum of synthetic

hydrocarbons, including synthetic gasoil,

kerosene, naphtha, normal paraffins and several

wax grades. After a commissioning phase, the

various parts of the plant were successively

started up in the course of 1993.

Further Development Studies

Though the unit built in Bintulu is a full-scale

commercial plant, the matter of scaling-up to
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FIGURE 1

SIMPLIFIED FLOW DIAGRAM OF THE SMDS PROCESS
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still larger units is actively pursued at Shell.

Further scaling-up of trickle-bed reactors in both

the HPS and HPC process steps are expected

to be possible. These newer studies are

focused on the reduction of the costs per unit of

product, so as to make the process more

economic at low oil prices.

SIMULTANEOUS STEAM AND C02

REFORMING OF METHANE 99 PERCENT

EFFICIENT

Conversion of methane to CO and H2 (i.e.

syngas) by the coupling of the exothermic

(partial oxidation with 02) and endothermic

(steam and/or C02 reforming) reactions of

methane is a process of great practical

importance, state V. Choudhary, of National

Chemical Laboratory, India, et al. reporting on

the simultaneous steam and C02 reforming of

methane to syngas in an article in Applied

CatalysisA: General, Volume 168, pages 33-46.

Steam reforming, C02 reforming and

simultaneous steam and C02 reforming

reactions of methane for its conversion into

syngas over NiO/MgO/SA-5205 catalyst were

investigated under different process conditions.

In some cases 02was present in the feed, while

in other cases it was not.

The conversion of both CH4 and C02 is

increased almost linearly by increasing the

temperature, and is decreased exponentially by

increasing the space velocity. The H2 selectivity
and H2/CO ratio are increased with increasing

temperature, but decreased with increasing
space velocity. The fact that the conversion of

C02 is higher than that of methane and that the

H2/CO ratio is less than 1 .0 indicate occurrence

of the reverse water-gas shift reaction

simultaneously with the C02 reforming reaction,

depending upon the process conditions. The H2

selectivity is lower when the C02 conversion is

lower (i.e. when the C02 at higher concentration

is available for the reverse shift reaction), and

hence it is controlled essentially by the reaction

kinetics rather than by the reaction

thermodynamics.
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In the simultaneous steam and CO2 reforming of

methane case, both the C02 and H20 are

converted simultaneously by their reaction with

methane. Hence, as long as the conversion of

both C02 and H20 is greater than or equal to 0,

the selectivity for both H2 and CO is always

100 percent and it is not dependent upon the

process conditions (e.g. temperature, pressure

and space velocity). The H2/CO ratio, however,
depends strongly on the relative concentration

of C02 and H20 in the feed. The increase in the

C02/H20 ratio from 0 to 1 .86 does not affect the

methane conversion significantly, but it did

cause a large decrease in the H2/CO ratio (from

3.2 to 1 .3). The conversion of methane even at

the high space velocity (25,100 cubic

centimeters per gram per hour [cm3g"V1]) is

very high (97 percent at 850C).

The results for the steam and/or C02 reforming

of methane indicate that carbon deposition on

the NiO/MgO/SA-5205 catalyst by the

Boudouard reaction is much less than that on

unsupported NiO-MgO or NiO-CaO catalysts.

The carbon deposition by the Boudouard

reaction on the catalyst is expected to be

reduced by carrying out the C02 reforming

simultaneously with the steam reforming. In the

simultaneous steam and C02 reforming over the

present catalyst, methane can be converted

almost completely to syngas of desirable H2/CO

ratio (2.0 0.5) with 100 percent selectivity for

both CO and H2 at high space velocity

(>25,000 cm3g'V1). The H2/CO ratio in the

process can be controlled by manipulating the

relative concentration of steam and C02 in the

feed.

Oxy-Steam and/or C02 Reforming of

Methane

In the oxy-steam and/or C02 reforming

processes, the exothermic methane conversion

reactions involving the partial oxidation of

methane to H2 and CO, and to a smaller extent

the complete combustion of methane occur

simultaneously with the endothermic steam

reforming and/or C02 reforming over the same

catalyst. Because of the simultaneous

occurrence of the exothermic and endothermic

methane conversion reactions, the process

operates in a most energy-efficient manner.

The net heat produced or absorbed in the

process can be controlled by manipulating the

process conditions. In general, the net heat

produced in the process is decreased with

increasing the temperature mainly because of

the increase in the rate of endothermic steam

and/or C02 reforming reactions. It is also

decreased with decreasing the concentration of

02 relative to that of steam and/or C02 in the

feed due to the decrease in the rate of

exothermic oxidative methane conversion

reactions relative to those of the endothermic

steam and/or C02 reforming reactions. In these

processes, the methane conversion is high and

the H^CO product ratio can be controlled by

manipulating the relative concentrations of 02,

steam and/or C02 in the feed.

In the oxy-steam reforming process, when the

H20 conversion is >0, the H2 selectivity (based

on methane) is 100 percent. The CO selectivity

in this process is also high (above 94 percent).

However, it is decreased with increasing the

concentration of steam relative to that of 02 in

the feed, due to the increase in the rate of the

water-gas shift reaction, resulting in an increase

in the H^CO ratio above 2.0.

In the oxy-C02 reforming of methane, the CO

selectivity is 100 percent when the C02
conversion is >0. However, the H2 selectivity

(which is above 92 percent) is decreased with

increasing the concentration of C02 relative to

that of 02 in the feed because of the increased

rates ofthe reverse water-gas shift reaction, and

consequently the H2/CO product ratio is also

decreased below 2.0.

However, in the oxy-steam and C02 reforming

process, methane can be converted to syngas

almost completely with 100 percent selectivity

for both H2 and CO. Moreover, a H^CO ratio

close to 2.0 (which is desirable for the methanol

and Fischer-Tropsch synthesis processes) can

be obtained by manipulating the relative

concentrations of C02 and H20 in the feed; it is

decreased by increasing the C02/H20 ratio in

the feed. In this process, the H^CO ratio is not
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affected by the forward or reverse water-gas

shift reaction; it is controlled by the three

individual methane-to-syngas conversion reac

tions, partial oxidation steam reforming and C02

reforming occurring to different extents, depen

ding upon the process conditions.

The present supported nickel catalyst showed

high activity and selectivity in the above

methane-to-syngas reactions at low contact

times without deactivation, at least during its

operation for the data collection of the above

reactions. Further studies are, however,

essential, say the authors, for investigation in

detail of the carbon deposition on the present

catalyst and its deactivation by other means in

different methane-to-syngas conversion reac

tions.

MEGA METHANOL SYNTHESIS PLANTS

CAN PRODUCE 5,000 METRIC TONS PER

DAY

Since the introduction of the low pressure

methanol synthesis process some 30 years ago

the capacity of methanol plants has been

increasing. Today the capacity limit for single

line methanol plants is about 3,000 metric tons

per day (mt/d). However, methanol producers

are interested in methanol plants up to

5,000 mt/d and more. For this application Lurgi

has developed the Mega Methanol Concept.

This new methanol synthesis concept was

outlined by V. Gronemann of Lurgi AF at the

1998 Latin American Methanol Conference held

in San Juan, Puerto Rico, in May.

For natural gas as the selected feedstock,

autothermal catalytic reforming appears to be

the best suited technology for the mega

methanol concept plant. When using the

autothermal catalytic reforming process for

syngas production in combustion with the Mega

Methanol Synthesis process, the energy

consumption is in the range of 29 to

30 gigajoules (GJ) per metric ton of methanol.

The process outlined in Figure 1 operates

without a tubular steam reformer, which is the

most sensitive and expensive equipment item of

a conventional methanol plant.

The Lurgi methanol reactor is basically a

vertical shell-and-tube heat exchanger with

fixed-tube sheets. The catalyst is accom

modated in tubes and rests on a bed of inert

material. The water-steam mixture generated

by the heat of reaction is drawn off below the

upper tube sheet. Steam pressure control

permits an exact control of the reaction

temperature. The quasi-isothermal reactor

achieves very high yields at low recycle ratios

and minimizes the production of byproducts.

Based on the Lurgi methanol reactor and the

highly active methanol catalyst with its

capability to operate at high space velocities,

Lurgi has recently developed a two-stage

reactor system featuring maximum efficiency.

The first reactor stage accomplishes partial

conversion of the syngas to methanol at up to

50 percent higher space velocities and higher

temperatures compared with single-stage

synthesis reactors. This results in a significant

size reduction of the water-cooled reactor

compared to conventional processes while the

steam raised is available at a higher pressure.

In the second reactor stage, cold feedgas for the

first stage is routed through tubes in

countercurrent flow with the reaction gas from

the first stage. The reaction rate, space time

yield and reaction heat liberated are

considerably lower than in the water-cooled

reactor. To maintain the equilibrium driving
force for methanol synthesis over the entire

catalyst bed, the reaction temperature is

continuously reduced in this stage. The large

inlet gas preheater required for synthesis by a

water-cooled reactor is omitted and subsidized

by a small, trim preheater.

For plant capacities up to 3,000 mt/d, both

reaction stages can be combined in a single

reactor. For larger capacities, the two reaction

stages will be accommodated in separate

reactors. As fresh synthesis gas is exclusively

fed to the first stage, no catalyst poisons enter
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FIGURE 1

BLOCK FLOW DIAGRAM FOR CATALYTICALAUTOTHERMAL REFORMING

Natural

Gas

i
De sulphur

ization

Pre-

Re forming

Autothermal

Reforming

Methanol I

istillationl

Air
Air-

Separation

Oxygen

SOURCE: GRONEMANN

/^ I Methanol fj
TvcTT^H Synthesis I^P

PSA
Pure

Methanol

the second stage which results in a virtually

unlimited catalyst service life for the gas-cooled

reactor.

The advantages of the water- and gas-cooled

reactor concept are:

High syngas conversion efficiency. At

the same conversion efficiency, the

recycle ratio is half of the ratio in a

single-stage, water-cooled reactor.

High energy efficiency. About 0.8 metric

tons of 50 to 60 bar steam per metric ton

of methanol can be directly generated in

the reactor. In addition, a substantial

part of the sensible heat can be

recovered at the gas-cooled reactor

outlet.

Low investment cost. The 50 percent

reduction in the catalyst volume for the

water-cooled reactor, the omission of the

large feedgas preheater, and savings

resulting from other equipment due to

the lower recycle ratio translate into

capital cost savings of about 40 percent

for the synthesis loop.

a Large single-train capacity. In-house

studies have confirmed that single-train

plants with capacities of 5,000 mt/d and

above can be built.

The inherent advantages of this synthesis

concept can also be used for existing methanol

plants, provided that the installed methanol

reactor is of the boiling water type. The

conversion efficiency of an existing methanol

synthesis plant can be increased tremendously

by installing a gas-cooled reactor downstream of

the existing water-cooled reactor. The resulting

lower recycle ratio leads to an improved overall

consumption figure for the methanol plant.

With the addition of a parallel autothermal

reforming unit to an existing steam reforming

unit, the capacity of an existing methanol plant

can be trebled by making use of the new Mega

Methanol Synthesis concept, simultaneously
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improving the overall consumption figure to

about 30 GJ per metric ton.

Commercial Opportunities

A 5,000 mt/d single-train Mega Methanol plant

is now offered commercially by Lurgi. An air

separation unit designed for the oxygen output

required for this methanol plant is already in

operation in the Netherlands and a second unit

of this size is currently being commissioned in

Belgium.

PARTIAL OXIDATION OF METHANE

EXAMINED IN ENGINEERING MODEL

Catalytic Partial Oxidation of Methane (CPOM)
has attracted considerable interest during the

last five years as a promising route for

converting methane into synthesis gas.

Because this reaction exhibits mild exother-

micity, it is expected that energy costs as well

as NOx and C02 emissions during the syngas

production can be reduced compared to the

commonly applied steam-reforming route.

To perform the reaction under isothermal

conditions and to assure catalytic stability, a

fluidized-bed reactor has been proposed. In

order to validate this concept several studies of

the CPOM reaction were performed in

laboratory-scale bubbling-bed reactors (inside

diameter less than 5 centimeters). T. Wurzel

and L. Mleczko of Ruhr-Universitat Bochum,

Germany, described a reaction engineering

model that can be used for the prediction of the

catalytic performance of an industrial-scale

bubbling-bed reactor for the CPOM reaction in

Chemical Engineering Journal, Volume 69,

pages 127-133.

The model reproduced not only experimental

CH4-conversions and selectivities to CO and H2

measured at the reactor outlet with an average

accuracy of 10 percent, but also measured

concentration profiles. The model was applied

for the simulations of an industrial-scale and a

pilot-scale reactor operating in the bubbling
regime.

Predictions showed that in both reactors

conversions of methane and syngas yields

approaching thermodynamic equilibrium can be

achieved. In contrast to the results obtained in

the laboratory unit, the catalytic performance of

an industrial-scale reactor was strongly

influenced by the hydrodynamics of the fluidized
bed. Therefore in the industrial reactor

significantly higher beds are necessary for

achieving equilibrium. Simulations aiming at

optimization of the hydrodynamic conditions

showed that for achieving high yields in a

relatively shallow bed low gas velocities and

small particles should be applied. Because

performance of large-scale fluidized bed

reactors for the CPOM reaction are influenced

by the transport limitations, catalysts with low

activity, i.e. low Ni-loading (<1 percent), can be

used.

CATALYTIC DECOMPOSITION OF METHANE

ATTRACTIVE FOR REMOTE HYDROGEN

Oil production is usually accompanied by the

large-scale separation of gases that are difficult

to utilize, especially in remote areas. At present

gas flaring is the only way to utilize erode oil

gases of places such as Western Siberia, for

example.

Large capital investments, transportation

problems and the undeveloped infrastructure of

sparsely populated regions of Siberia and

Northern Russia make conventional crude oil

gas utilization unfeasible.

A new technology, based on a catalytic low-

temperature (450 to 650C) decomposition of

hydrocarbons to hydrogen and granulated

porous Catalytic Filamentous Carbon (CFC)
material of graphite-like structure, was

discussed by G. Kuvshinov of the Boreskov

Institute of Catalysis, at the Third International

Conference on New Energy Systems and
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Conversions held in Kazan, Russia, in

September 1997. This technology may offer an

option for Siberia and the Far North of Russia

where the infrastructure is absent.

Proposed Technology

In the presence of catalysts containing Group
VIII metals, hydrocarbons may decompose at

low temperatures (450 to 650C) to produce

hydrogen and valuable porous carbon materials.

Heavily loaded Ni or Cu-Ni catalysts have

yielded the best results in the process

performance.

Recently methane decomposition has been

performed in a pilot reactor with no additional

reagents. Carbon products deposit over the

catalyst, forcing catalyst particles to lose their

activity. By the time the catalyst loses its

activity, the particle weight increases by 150- to

300-fold, and carbon content comes to

99 percent, while parental catalyst components

stay incorporated into the carbon particles as

admixtures. These admixtures can be removed

from carbon when needed.

The resulting CFC is a new porous carbon

material with unique structural parameters. The

porous carbon granules comprise dense balls of

interlaced graphite-like filaments with a

diameter of 50 to 150 nanometers. The specific

surface area of granules (without additional

activation) varies from 100 to 300 square

meters per 1 gram carbon. By varying catalysts

and process conditions, one can change the

properties of carbon material obtained. These

carbon materials are of prime interest as

promising adsorbents for cleaning water and gas

from oil and oil product contaminants, and also

as catalysts, serving the oxidation of hydrogen

sulfide to sulfur on desulfurization of natural gas

and exhaust gases.

From the standpoint of industrial technology

design, the key features of the process are as

follows:

Particles change in mass and size during

their stay in the reactor.

Carbon particles tend to agglomerate

during their growth.

Catalyst deactivation rate depends on the

process temperature.

Complete hydrocarbon conversion in the

reactor is not possible owing to

thermodynamic restrictions.

Carbon material properties depend on

reaction medium composition.

Wasteless Production of Hydrogen and

Carbon Materials

The thermodynamic analysis and experimental

data show that hydrocarbons are processed,

without wastes, to hydrogen and carbon via

recycling accompanied by the total or partial

removal of hydrogen from the mixture between

the cycles.

The hydrocarbon-containing gas is fed into

Reactor 1, where it converts to carbon,

methane, ethane (traces) and hydrogen.

Carbon stays in the reactor, while gaseous

products pass to Unit 2, where hydrogen is

separated. A mixture with a low-hydrogen

concentration is directed to Gas Heater 3, mixed

with fresh hydrocarbon portions and returned to

Reactor 1.

Reaction product recycling improves the

hydrocarbon processing and maintains required

hydrogen concentration in the reactor by means

of mixing fresh and hydrogen-containing gases.

Recycling permits one to keep the desired

fluidization rate regardless of plant output. This

is especially important as the rate of catalyst

deactivation strongly depends on the rate of

carbon formation per unit catalyst weight. A

higher hydrogen concentration, gas-flow rate

being constant, gives a lower rate of carbon

formation, and thus, a lower rate of catalyst

deactivation.

About 10 to 20 percent of hydrogen is burned in

Heater 3 to maintain the temperature required in

the reactor.
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Applications

Kuvshinov suggests the following ways for

crude oil gas processing, using the low-

temperature decomposition of carbons

performed in wasteless, environmentally sound,

autonomous plants:

a Gas conversion to hydrogen-enriched gas

fuel, and its application in diesel electrical

generators and other internal combustion

engines

a Wasteless torch gas

carbon, heat and water

processing to

a Gas processing to carbon adsorbents,

hydrogen and electricity using hydrogen

fuel cells

Conclusions

This new technology overcomes some of the

complex ecological problems usually caused by
remote energy fuel production. Completely
autonomous plants will provide a step-by-step

up-scaling and optimization of the main concept

technology elements in industry. This tech

nology can efficiently accomplish gas fuel

enrichment with hydrogen and gas utilization in

remote oil producing regions with undeveloped

infrastructure, says Kuvshinov.

RESOURCE

HYDRATES MAY HOLD 320,000 TCF OF

U.S. NATURAL GAS RESOURCES

While large gas hydrate accumulations on the

North Slope ofAlaska and off the United States

Southeast coast have recently been discovered,

significant geological uncertainties and possibly

insurmountable technical issues need to be

resolved before gas hydrates can be counted

as a viable option for future, affordable supplies

of natural gas.

T. Collett of the United States Geological

Survey (USGS) and V. Kuuskraa of Advanced

Resources International Inc. reviewed the

recently completed national assessment for gas

hydrates and the technological challenges of

producing this complex resource in an article in

Oil and Gas Journal, May 11, 1998,

pages 90-95.

Gas Hydrates Overview

Gas hydrates are naturally occurring crystalline

substances composed of water and gas, in

which a solid water-lattice accommodates gas

molecules in a cage-like structure or clathrate.

Gas hydrates occur in numerous settings in

permafrost regions of Alaska and Siberia and

beneath the sediment of the outer continental

margins.

While methane, propane and other gases can

be included in the clathrate structure, methane

hydrates are the most common.

Gas hydrates form one of two basic crystal

structures, called Structure I and Structure II.

Each unit cell of Structure I gas hydrate consists

of 46 water molecules that form two small

dodecahedral voids and six large tetra-

decahedral voids. Structure I gas hydrates can

only hold small gas molecules such as methane

and ethane, with molecular diameters not

exceeding 5.2 angstroms.

The unit cell of Structure II gas hydrate consists

of 16 small dodecahedral and 8 large hexa-

kaidecahedral voids formed by 136 water

molecules. Structure II gas hydrates may

contain gases with molecular dimensions in the

range of 5.9 to 6.9 angstroms, such as propane

and isobutane. At standard temperature and

pressure, 1 volume of saturated methane

hydrate (Structure I) may contain as much as

164 volumes of methane. Because of this large

gas storage capacity, gas hydrates are an

important storage site for gas.
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USGS Hydrate Estimate

Median estimates of the amount of methane in

the worldwide gas hydrate accumulations are, in

rough accord, at about 7x1
05

trillion cubic feet

(tcf).

The recent USGS assessment estimated the in-

place gas hydrate resourcesthat is, the

amount of gas that may exist within the gas

hydrates without reference to its recoverability.

Prospects (potential hydrocarbon accumula

tions) were grouped according to their geologic

characteristics into plays.

Gas in-place in United States hydrates is

estimated to range from 113,000 to 676,000 tcf

at the 0.95 to 0.05 probability levels,

respectively (Table 1). The mean in-place

value for the entire United States is estimated at

320,000 tcf of gas.

Hydrates Production Alternatives

The proposed methods of gas recovery from

hydrates usually involve releasing the methane

molecule from the in situ gas hydrate by:

Heating the reservoir beyond hydrate

formation temperatures

a Decreasing the reservoir pressure below

hydrate equilibrium, allowing the gas

hydrate to dissociate

Injecting an inhibitor, such as methanol

or glycol, into the reservoir to decrease

hydrate stability

Gas recovery from hydrates is hindered

because the gas is in a solid form and because

hydrates are usually widely dispersed in hostile

Arctic and deep marine environments.

First order thermal stimulation models have

been developed to evaluate hydrates gas

production using hot water and steam injection.

These models have shown that gas can be

produced from hydrates at sufficient rates to

make hydrates a technically
recoverable

resource but that major difficulties exist in

establishing and maintaining reservoir flow

paths.

Similarly, the use of gas hydrate inhibitors for

the dissociation of gas from hydrates has been

shown to be technically feasible. However, the

use of large volumes of solvents such as

methanol may be economically prohibitive.

Currently, depressurization is considered to be

the most promising method for producing gas

from hydrates.

Because of uncertainties about the geologic

settings and feasible production technology, few

economic studies have been published on gas

hydrates.

The National Petroleum Council, in its

major 1992 study of natural gas, published one

of the few available economic assessments of

hydrate production. The relative economics of

hydrate recovery using thermal injection and

depressurization were compared. Estimated

break-even wellhead prices were $4.50 per

thousand cubic feet and $2.85 per thousand

cubic feet, respectively. It also benchmarks the

costs of hydrate production with the costs of

conventional gas production on Alaska's North

Slope ($2.25 per thousand cubic feet).

International Research

In the last 2 years, government agencies in

Japan and India have initiated research

programs to recover gas from oceanic hydrates.

Japan National Oil Corporation (JNOC), with

funding from the Ministry of International Trade

and Industry, launched a 5-year study to assess

the domestic resource potential of gas hydrates.

JNOC plans to drill in 1999 a gas hydrate test

well in the Nankai trough (near Tokyo). This

area has been speculated to hold as much as

1 ,800 tcf ofmethane within gas hydrates.

India also initiated an ambitious National Gas

Hydrate Project. The Government of India

announced new exploration licensing policies in

March 1997 that included the release of several

deepwater (>400 meters) lease blocks along the
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NATURAL GAS

TABLE 1

U.S. GAS HYDRATE RESOURCE ESTIMATES

Province/Plavs

Atlantic Ocean Province

Northeastern Atlantic Ocean play

Southeastern Atlantic Ocean play

Gulf ofMexico Province

Gulf ofMexico play

Pacific Ocean Province

Offshore Provinces Total

Alaska Onshore Province

Topset play-state land and waters

Topset play-federal waters

Fold Belt play-state lands and waters

Fold Belt play-federal waters

Onshore Provinces Total

U.S. Total

Mean

30,251

21,580

38,251

Northern Pacific play 53,721

Southern Pacific play 7,350

Alaska Offshore Province

Beaufort Sea play 32,304

Bering Sea play 73,289

Aleutian Trench play 21,496

Gulf ofAlaska play 41,360

319,632

105

43

414

28

590

320,222

East Coast of India between Madras and

Calcutta.

Also announced was a large gas hydrate

prospect in the Andaman Sea between India

and Myanmar, which is estimated to contain

over 200 tcf. India's National Gas Hydrate

Project calls for drilling five gas hydrate test

wells by the end of this century.
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