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GENERAL

GOVERNMENT

SECRETARY PENA ANNOUNCES

RESEARCH EFFORT TO RECYCLE

GREENHOUSE GASES

In September F. Pena, United States Secretary
of Energy, announced a $1 .5 million, multiyear

research effort to develop advanced methods to

capture or recycle greenhouse gases.

The United States Department of Energy's

(DOE) Federal Energy Technology Center in

Morgantown, West Virginia, in collaboration with

three DOE offices, is seeking bids for a project

to recycle or store C02, NOx and methane

produced by fossil fuels in a cheaper and more

technologically advanced way than is currently

used.

DOE is looking for novel concepts, such as

reusing carbon dioxide in biological processes,

as a way to produce energy.

Fuel decarbonization and carbon sequestration

could also be used to allow the continued use of

fossil fuels while curbing C02 air emissions.

Fuel decarbonization involves using a reformer

or gasifier and shift reactors to produce a

gaseous mixture of hydrogen and carbon

dioxide from the fossil-fuel feedstock. The

hydrogen is then separated, and a stream of

relatively pure carbon dioxide accounting for a

large fraction of the carbon in the original

feedstock is obtained as a byproduct.

In direct carbon sequestration, carbon dioxide is

deliberately collected at high concentration and

stored or disposed of in such a way that it is ef

fectively prevented from reaching the atmos

phere for significant periods of time. Geological

sequestration-placing carbon dioxide in deep
saline aquifers at least 2,600 feet under the land

or under the ocean floor, or in abandoned oil

and gas wells-is the most technologically
advanced option.

"These are the kinds of technological solutions

that could help us address the greenhouse gas

United States
problem while keeping the

economy
strong,"

said Pena.

ENERGY POLICY AND FORECASTS

IEA NOTES TRENDS IN FOSSIL FUEL

DEMAND

The International Energy Agency (IEA) has

summarized trends in fossil fuels over the last

year, in the following publications:

Coal Information

Natural Gas Information

Oil Information

Oil in Power Generation

Highlights of these reports are summarized

here.

Coal Information

According to the IEA, as coal's share in total

energy demand fell slightly, total coal demand in

the OECD rose 2.7 percent in 1996 over 1995.

Demand for coal rose in the United States and

Japan by 1 .7 percent and 2.5 percent, respec

tively, and it dropped by 2.5 percent in OECD

Europe. Most of the European decline occurred

in the United Kingdom, where coal demand fell

by about 5 percent, and in Germany, where

demand fell about 3.6 percent.

China, which remains the world's largest coal

consumer, marked a 7 percent increase in 1995.

Chinese Taipei and South Korea showed 4 and

5 percent increases, respectively. Demand in

India grew by 4 percent.

The IEA estimates coal demand to have fallen

by about 8 percent in the Republics of the

Former Soviet Union. In the countries of

Central and Eastern Europe, it remained steady.
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Coal Prices - Coal prices in Russia increased

dramatically in 1995 with increases in rail tariffs,
but average internal coal prices in Russia still

remain below international norms, due to sub

stantial federal subsidies for producers.

The cost of steam coal imported by the two

major IEA importing areas (the European Union

15 and Japan) averaged $51.48 per ton of coal

equivalent in 1996, a decrease of 0.4 percent

from $51.67 in 1995. Average values for

Australian exports of steam coal rose to

US$37.77 per ton in 1996, an increase of

7.9 percent over 1995. For the United States,
the average export price fell by 5.4 percent to

$36.94 per ton in 1996 from $38.94 per ton in

1995. Average steam coal export values to the

EU fell, but export prices to Japan increased.

In Japan, average values for coking coal

imports rose to $56.39 per ton, up 2.5 percent

over 1995, due to increases in import costs. In

the EU estimated values rose in 1996 by about
2.5 percent to $59.96 per ton, compared to the

1995 level. Coking coal export values for

Australia increased by 7.5 percent in 1996 to

$47.56 per ton from $44.23 per ton. For the

United States, the export unit values rose

3.2 percent in 1996 to $50.05 per ton from

$48.47 per ton.

Coal Trade - World hard coal trade rose to

2.2 percent or 10.5 million metric tons (Mt) in

1996. Trade is now estimated at 479 Mt in

1996, compared to 468 Mt in 1995. Australia

remained the world's leading hard coal exporter,
with the United States in second place.

Total world steam coal exports increased by
4.4 percent over 1995 levels. Australia

remained the largest steam coal exporter,

followed by South Africa, with about 22 and

19 percent of the total steam coal market,

respectively.

Australia and the United States remained the

largest coking coal exporters, with about 41 and

25 percent of the total market, respectively.

Coal Production - World hard coal production

rose by 1.1 percent to 3,705 Mt in 1996 from

3,701 Mt in 1995. China remained by far the

world's largest producer and consumer of coal.

Chinese production rose 1 percent, from

1.351 billion tons in 1995, to 1.375 billion tons in

1996.

In the OECD as a whole, hard coal production

rose by 1.1 percent, but production fell in the EU

by 7.2 percent.

Overall brown coal production in the OECD

grew slightly in 1996. Germany is the world's

largest producer of brown coal, accounting for

20.2 percent in 1996.

Natural Gas Information

The IEA says world natural gas consumption in

1995 showed a 3.2 percent increase. OECD
countries'

consumption was up 4.9 percent.

Non-OECD consumption rose by 1 .3 percent.

Gas consumption grew in almost all regions ex

cept the Former Soviet Union (FSU), where gas

use continued to decline from its peak in 1991.

Gas consumption in the FSU declined by
3.4 percent in 1995, compared with 1994. In

Asia gas demand increased by 13.4 percent,

with Indonesian and Thai consumption up 22

and 19 percent, respectively.

OECD natural gas consumption in 1996 con

tinued to grow strongly (5.1 percent), particularly
in Europe, where the growth rate exceeded

10 percent in some countries. Noteworthy
growth rates occurred in the United Kingdom

(20.7 percent), France (12 percent), The Nether

lands (9.5 percent), Germany (8.3 percent) and

Italy (3.2 percent). In the Pacific, consumption
rose by 5.8 percent; in North America by
2.1 percent.

World production of natural gas in 1996 in

creased by 4.7 percent, more than double the

growth rate in 1995. Production in the OECD

grew by 5.9 percent, as a result of steep in

creases in Norway (31.9 percent), the UK

(19.1 percent) and The Netherlands

(13.1 percent). Increase in production in the

OECD countries did not cover the increase in

consumption. As a result, imports increased by
9 percent in 1996. Intra-OECD trade
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represented the lion's share of this increase,
with imports from Norway and The Netherlands

growing rapidly (33.2 and 19.2 percent,

respectively). 1996 imports from non-OECD

countries showed a 6.8 percent increase over

1995, with imports from Algeria up by
14.2 percent and from the FSU up 3.1 percent.

In 1996 average natural gas import prices in

Japan continued the upward trend started in

1994, while European prices marginally declined
from their 1995 level. The import price for

natural gas into the United States reversed its

decline and showed an increase from its lowest

point in more than 20 years of $1 .45 per million

BTU in 1995 to reach an average price of

$1.91 per million BTU in 1996.

OH Information

Although crude oil imports into OECD countries

increased by 3.4 percent in 1996, imports from

the Middle East declined by 1 .6 percent, accord

ing to the IEA. Imports from OECD countries,

mainly Norway and Mexico, rose by 7.9 percent,
while imports from non-OECD countries showed

an increase of only 1 .7 percent. Imports from

OPEC countries grew by only 0.9 percent.

OECD
countries'

dependence on imported oil

remained the same in 1996 as in 1995

(51 percent).

In 1996 crude oil (and Natural Gas Liquids)
production in the OECD countries increased

more rapidly (3.7 percent) than total world

production (2.8 percent), mainly due to produc

tion gains in Norway (13 percent) and Mexico

(9 percent). The share of oil (41 .6 percent) in

total energy supply stabilized in 1996. Other
fuels'

shares also remained unchanged.

The growth in oil demand from the OECD

countries was lower than the increase in oil

production (2.8 versus 3.7 percent), but was

substantially higher than the increase in demand

in 1995 (0.4 percent).

World oil demand in 1995 grew by 1.8 percent,

mainly due to fast growth in demand for

gas/diesel oil (3.4 percent) and for liquefied

petroleum gas and naphtha (6.8 percent). In the

OECD transport fuel demand grew by

1 .8 percent, led by 2.8 percent growth in diesel.

Aviation fuels grew by 2.2 percent, while motor

gasoline demand growth continued to grow at

1 .3 percent.

The average crude oil import price for IEA

countries has shown a steady rise: $15.65 per

barrel in 1994; $17.19 per barrel in 1995; and

$20.52 per barrel in 1996.

OU In PowerGeneration

Since the oil shocks of the 1970s, industrialized

countries have slashed the use of oil to

generate electricity. From its peak in 1978, oil-

fired power generation has fallen by a dramatic

40 percent. Today oil provides just 9 percent of

all electricity produced in OECD countries. But

because of its great flexibility, oil-fired

generation remains an essential component in

the electricity supply systems of many countries,

says the IEA.

Oil-fired plants are usually run only a few

months out of the year, providing extra capacity

when shortfalls occur-as, for example, in

periods of cold weather. They can also be the

cheapest option in small or isolated systems,

such as on islands. And oil products can be

bought, transported and stored easily.

The new study foresees a gradual increase in

the use of "residuals"-rather than heavy fuel oil-

-in power generation. Their low value can make

them economic in plants used continuously.

This pattern is already clear in the United States

and is likely to spread to other countries.

BP REVIEW OFWORLD ENERGY SHOWS

ENERGY CONSUMPTION INCREASE OF

3 PERCENT IN 1996

In June British Petroleum Company pic, (BP)
published its latest statistical review of world

energy.
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According to BP, world energy consumption

grew by 3 percent in 1996, outstripping expecta
tions. The highest annual growth rate since

1988, this almost doubled the past 10
years'

average. Above-trend growth in OECD energy
markets and a slowdown in the fall in Former

Soviet Union (FSU) energy consumption

produced a year of strong growth in global ag
gregates.

Outside the FSU, energy consumption rose by
3.7 percent. Growth was particularly strong
relative to long-term trends in North America

(2.9 percent), Europe (3.2 percent) and South

and Central America (5.1 percent). Growth in

Asia Pacific was in line with long-run trends at

4.7 percent.

The FSU's 2.5 percent fall in energy

consumption compares with a drop of 6 percent

in 1995 and more than 10 percent in 1994.

Continuing declines in Russia (3 percent) and

Ukraine (5.3 percent) were offset by recovery

elsewhere in the FSU.

Other notable features of 1996 include:

Denmark posted the fastest growth rate of

energy consumption at 19.2 percent (low

hydroelectric output in Scandinavia

produced a sharp increase in fossil fuel

use).

Among the Emerging Market Economies

(EMEs) of Asia, only Pakistan recorded

double-digit energy consumption growth,

at 10 percent.

In terms of absolute growth in energy use,

the United States showed the largest

increment, followed by China and India.

India overtook France to become the

world's sixth largest energy market, and

South Korea overtook Italy to take

10th place.

Oil

Global oil demand grew by 2.4 percent, nearly

double the rate in 1995 and well above the 10-

year average (1 .4 percent). Oil consumption fell

by 9.4 percent in the FSU, but grew in all other

regions.

Growth was driven by North America and

Europe, where cold winter weather played a

role, and by South and Central America.

While growth rates were subdued in many Asian

EMEs, China and India recorded above-trend

growth (7.3 percent and 7.9 percent). Pakistan

was the fastest-growing oil market, at

13.6 percent, followed by Poland (10.2 percent).

World oil production grew by 2.9 percent. FSU

production fell, but at a slower rate Oust

0.5 percent). Outside the FSU, production in

non-OPEC countries grew by 3.8 percent, with

significant contributions from Norway, Mexico,

China, Brazil and Angola. OPEC members ex

panded production by 2.8 percent, with the

largest volume increments from Venezuela (up
6.6 percent) and Nigeria (up 8 percent). Iraq
resumed exports of oil in December, under

United Nation Resolution 986. Iraqi production

was up 9.6 percent for the year.

Total proved oil reserves grew by 2 percent,

leaving the ratio of reserves to production

slightly lower at 42.2 years. Oil prices moved

sharply higher, with average Brent prices up

21.1 percent to $20.81, the highest annual

average since the GulfWar.

Gas

Growth in global gas consumption was well

above trend at 4.7 percent. There was even

slight growth in the FSU, after 4 years of

decline.

Growth was especially strong in Europe

(10.7 percent) and South and Central America
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(10 percent). Largest absolute growth was in

the United Kingdom, which overtook Germany
to become the largest gas market in Europe and

the third largest in the world.

FSU gas production grew by 1 .4 percent, ending

a 5-year decline. The United Kingdom saw the

largest volume increase in gas production. Sig
nificant increments came from the United

States, Norway, The Netherlands, Malaysia and

Algeria.

Gas prices rose in the United States (wellhead

prices up 45.2 percent), boosted by higher oil

prices and cold weather. European contract

prices hardly moved, owing to the long lags in

the contract formulae linking gas prices to oil

prices.

Other Fuels

Coal demand grew by 2.3 percent as declines in

consumption in Europe and the FSU were offset

by strong growth in Asia Pacific (4.5 percent)

and North America (3.8 percent). Coal prices

fell back from 1995's highs.

Global nuclear consumption rose by
3.9 percent. A sharp recovery in FSU nuclear

consumption (1 5.7 percent) countered

weakening growth in the OECD.

Hydroelectricity was the slowest growing fuel

(0.8 percent), after being the fastest in 1995.

Large declines in Northern Europe and the FSU

reflected rainfall patterns.

ETSAP ENERGY MODELING SHOWS THAT

EMISSIONS RESTRICTIONS REDUCE

ENERGY DEMAND

The United Nations Framework Convention for

Climate Change calls for "stabilization of

greenhouse gas concentrations in the atmos

phere at a level that would prevent dangerous

anthropogenic interference with the climate

system."

For this stabilization to take place at

today's levels, for example, carbon dioxide

emissions from human activities would have to

be reduced to less than half the current rate.

The nations of the world must develop means to

cooperate in making major emission reductions,

taking into account their individual differences.

Annex V (1993-1995) of the International

Energy Agency's Energy Technology Systems

Analysis Program (ETSAP) addressed the

issues of greenhouse gases and national energy

options by continuing to develop better models

to evaluate technological solutions, economic

impacts and emission reduction strategies. The

countries participating in Annex V were

Belgium, Canada, Germany, Italy, Japan,

Korea, The Netherlands, Norway, Sweden,

Switzerland, United Kingdom and United States.

In April ETSAP published New Directions in

Energy Modeling-Summary of Annex V (1993-

1995).

Model

For greenhouse gas abatement costing studies,

a hybrid approach that combines the essential

elements of bottom-up technological models

and top-down econometric models is required.

Consequently, the ETSAP research partnership

is pioneering the application of MARKAL-

MACRO, a new model that combines the

technological detail of MARKAL with the general

economics of MACRO, a long-term neoclassical

growth model. MARKAL-MACRO was designed

specifically to estimate the costs and analyze

alternative policies proposed for reducing

environmental risks such as global climate

change. If sizeable reductions in carbon dioxide

emissions are required in the future, energy

demands and energy prices are likely to be

affected. The cost to a national economy is

likely to be large enough to be measured as a

percentage of Gross Domestic Product (GDP).

MARKAL-MACRO has evolved into a new

standard used by most ETSAP participants and

an increasing number of users around the world.

The combined energy-economic models can

evaluate energy technologies by their ability to

reconcile economic growth targets with environ

mental constraints. This new generation of
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models makes "it possible to evaluate the energy

sector in a more comprehensive and

satisfactory way.

Results

National results with the combined models indi

cate that severe emission reductions lead to

reduced energy demands, thus relieving the

need for drastic technological change.

Nevertheless, long-term emission reductions

depend more upon new technology than

economic policy. The reduction in economic

growth due to emission restrictions in itself

contributes only a few percent of the emission

reductions, however.

When material flows are added to the energy

flows in MARKAL, the need for changes in

energy technology to meet C02 emission

restrictions is reduced because many changes

in manufacturing materials and recycling can be

made at lower cost. When emission restrictions

are applied to the complete set of greenhouse

gases measured as "C02
equivalents"

through

their Global Warming Potential only methane

(other than the CFCs already bound by the

Montreal Protocol) is found to be important in

industrialized economies.

Conclusions

Perhaps most significantly, the use of a

common methodology permits both side-by-side

comparisons of national capabilities to reduce

future emissions, and integrated multinational

analysis to calculate the benefits of national

activities implemented jointly. The widespread

use of MARKAL provides a basis for

assessment of options in an international

context, in particular for activities implemented

jointly. The value of a consistent methodology

among nations may be becoming more

apparent.

RDI STUDY CALCULATES ECONOMIC

RISKS OF REDUCING U.S. ELECTRICITY

SUPPLY

In response to international efforts to address

perceived global climate change impacts, the

United States has expressed commitment to

the goal of reducing carbon dioxide (C02)

emissions to 1990 levels, or lower. To that end,

the Department of Energy and the

Environmental Protection Agency (EPA) have

formed an Interagency Analytical Team (IAT) to

work with outside economists in determining the

impacts associated with various proposals for

emission reductions, timetables and

mechanisms for attaining reductions.

A study by Resource Data International (RDI)

focuses on the United States electricity sector

and identifies the risks that would be posed to

the economy by reducing C02 emissions to

1990 levels in that sector.

According to RDI, growth in the United States

economy is tied to growth in electricity supply,

with 1 .34 percent growth in electricity associated

with each 1 percent growth in GDP. Reducing

C02 to 1990 levels will limit the annual growth

rate in the supply of electricity between 1995

and 2015 to 0.83 percent, down from

1 .45 percent under the Department of Energy's

projected business-as-usual scenario. Neither

natural gas nor C02 neutral generating

resources will be able to offset this supply

restriction. Therefore, up to $1,314 trillion, or

14 percent of GDP, will be at risk in 2010 and

up to $16,823 trillion cumulatively from 2005 to

2015, says RDI.

In addition, because the United States Interior

regions rely on more carbon-intensive energy

resources for electricity and require more of this

carbon-intensive electricity per unit of Gross

State Product (GSP) than the Coastal regions,

the Interior regions will bear the brunt of any

C02 stabilization effort, according to RDI.
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RDI also argues that C02 emission trading
proposals are not a panacea. The Clinton Ad

ministration is using the success of the acid rain

sulfur dioxide (S02) trading program to suggest

that C02 trading will limit compliance costs.

However, the two programs differ

fundamentally, says RDI:

While the EPA distributes S02 emission

allocations at no cost, the Administration

proposes to auction C02 allocations.

Such an auction would mimic the effects

of a carbon tax, with the federal gover

nment collecting at least $133 billion

annually from all sectors and $50 billion

from the electricity sector alone.

The success of S02 trading lies in the

ability of powerplants to switch from high-

sulfur to low-sulfur coal sources.

However, there are no low-carbon coal

sources, and natural gas is a higher cost

fuel alternative.

Because nations with the fastest growing C02
emissions (China and other non-OECD Asian

nations) will be exempt from any treaty that may
be signed in Kyoto, Japan, later this year, RDI

says that United States efforts to reduce C02
emissions will have diminishing returns.

According to RDI, even if the OECD reduces its

carbon emissions by 916 million metric tonnes

by 2015 to meet 1990 levels, the non-OECD

nations will still increase emissions by
2,360 million metric tonnes.

NEXT CENTURY TO BRING AN EXPANDING

ROLE FOR BIOMASS

The 21st century will bring an expanding role for

biomass as a cost-competitive source of sus

tainable energy, according to information

presented at the Third Biomass Conference of

the Americas held in Montreal, Canada, in

August.

A project by Dartmouth College in Hanover,

New Hampshire, compared five studies done

since 1993 on the global potential of biomass to

be a key player among renewable energy

sources. A summary of the studies estimates

that all forms of sustainable energy could total

20 to 30 percent of global energy supplies by

2025 and up to 40 to 50 percent by 2050.

Biomass for fuels and electricity generation

could be up to half of the total in each scenario,

the studies conclude. The Dartmouth College

research also concludes that new efficiency-

enhancing technologies have the potential to

double biomass feedstock availability without

substantially increasing demand for land.

Because biomass materials are cost-

competitive with oil today and are not inherently
more complicated to process, the Dartmouth

research suggests biomass-based products

should be comparable in price to oil products.

The conference also included a look at biomass

resource development throughout the world. In

Sweden 15 percent of croplands are set aside

for farmers to grow grain and oilseed for energy

crops, according to U. Jorgensen of the Danish

Institute of Agricultural Sciences. In 1995 about

1 million hectares of non-food crops were on

contract throughout Europe, he said. These

consist primarily of proven, well-known crops

such as grain and sugarbeets in France and

Italy, and oilseed crops such as rape for

biodiesel. The only new crop introduced in

quantity is about 20,000 hectares of willow

established in Sweden.

A study by M. Panigrahi of the Regional

Research Laboratory of Orissa, India, and

R. Overend of the National Renewable Energy
Laboratory, concluded that indigenous bio

energy resources must be used more efficiently
to satisfy the growing demand for energy in

India without damaging the environment. The

answer lies in technology such as anaerobic

digestion and
gasification,"

Overend said, and

the potential for biogas usage in India is

immense.
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Italian and United States bio-energy feedstock

(switch grass and woody crops) development

work was also presented.

TECHNOLOGY

KENTUCKY CAER REVIEWS

FISCHER-TROPSCH WORK

B. Davis of the University of Kentucky Center

for Applied Energy Research (CAER) discussed

CAER's Fischer-Tropsch (F-T) research

program in Energeia, Volume 8, Number 3,

1997.

Beginning in 1984 the initial work at the CAER

on Fischer-Tropsch Synthesis (FTS) was to

utilize isotopic tracers in an attempt to define

the role of catalyst promoters. This work

involved a 3-year United States Department of

Energy (DOE) contract to conduct work directed

toward understanding the reaction mechanism.

A few years later the CAER was successful in

obtaining a DOE contract with the goal of

developing an iron F-T catalyst suitable for

utilization in the slurry bubble column reactor

located at La Porte, Texas, and operated by Air

Products for the DOE. When the contract was

awarded, and even today, no commercial iron

F-T catalyst was (is) available from catalyst

manufacturers. During the course of the 3-year

contract, and the 3-year extension, United

Catalysts Inc. (UCI) prepared catalysts in a

quantity sufficient to operate the pilot plant at La

Porte, Texas.

During the course of the research, the CAER

has established one of the best equipped F-T

research facilities in the United States. This

equipment includes eight 1 -liter Continuous

Stirred Tank Reactors (CSTRs), which are ideal

for conducting long-term aging studies because

all of the catalyst is exposed to a synthesis gas

of the same composition. In addition to the

CSTRs, the CAER has operated a variety of

fixed-bed reactors to investigate the activation

and activity of FTS catalysts. The CAER

modified the direct-coal liquefaction pilot plant

so that it could be operated as a 2-inch diameter

by 6-foot long slurry bubble-column reactor.

During catalyst preparation, the CAER has

developed a procedure that permits catalysts to

be synthesized continuously. One ton of a

slurry of the optimum catalyst formulation was

prepared at the CAER and taken to UCI where it

was formed into spherical particles using UCI's

equipment.

Synthesis can be conducted using low or high

temperature conditions. In addition, the catalyst

can be formulated so that it will produce

primarily low-boiling, intermediate-boiling or

high-boiling products. Included in the initial

goals of the CAER work was the objective to

attain a 50 percent increase in the catalyst

activity over that of the original catalysts

developed in the 1950s and a much improved

catalyst aging rate so that the decline in activity

was less than 1 percent CO conversion per

week. During the first 3-year contract, these two

goals were met, and exceeded. For example,

compared to the catalyst used in the United

States Bureau of Mines studies in the early

1950s, the CAER catalyst formulation leading to

low-boiling products (low alpha catalyst) is about

40 times more active. Thus, there has been a

significant improvement in the catalytic activity

so that the productivity of the catalyst/reactor

volume is now adequate for commercial

operation.

Based on catalyst considerations, CAER

researchers suggested that it would be much

more efficient to utilize two or more reactors in

series, each of these operating at less than the

90 percent plus CO conversion, the goal at the

outset of the CAER work.

A significant feature of the CAER operation is

the ability to utilize both radioactive and stable

isotopes. The CSTRs are equipped so that an

isotopically labeled compound can be fed to the

reactor during synthesis under the typical

medium-pressure run conditions employed with

iron catalysts.
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In general, these results show that different

mechanisms are involved for the iron and cobalt

catalysts. For cobalt catalysts, CO dissociates

on the catalyst surface to produce a surface car

bide which is subsequently hydrogenated to a

surface carbene species (CH2). Chain growth

occurs by a polymerization of these CH2 groups

on the catalyst surface. Eventually chain growth

is terminated either by beta-H elimination to

produce an alkene or by H addition to produce

an alkane.

The CAER tracer data indicate the carbene

mechanism is not valid for an iron catalyst, at

least when operated under the medium-pressure

synthesis conditions. With the iron catalyst, the

data indicate that oxygen is retained in the

growing chain. In addition, the mechanism with

an iron catalyst involves different species for

chain initiation and growth. The CAER data are

consistent with the chain initiating species

being, or at least resembling, a formate species

that operates both for the water gas shift and

FTS reactions. Chain growth involves a species

derived from CO that differs from that of the

chain initiating species.

As part of the technology transfer, CAER has

conducted studies for Rema Corporation,

Energy International and Syncrude. The CAER

work has been incorporated in the preliminary

planning for a pioneer plant for Kentucky that

would feature integrated gasification combined

cycle and a chemicals plant that would utilize

FTS technology. Thus, CAER indirect coal

liquefaction research has been utilized by many
industrial organizations and has provided

laboratory researchers much understanding of

the research requirements that can lead to

technology transfer.

HTI PROCESS YIELDS FUELS FROM COAL,

OIL ANDWASTE PLASTIC

The United States generates about 45 million

tons of hydrocarbon waste, over 7 million tons

of residual oil waste, and 73 million tons of

waste paper per year. The approximately

25 million tons of plastic waste generated are

discarded after use and end up in sanitary

landfills.

The United States Department of Energy (DOE)

at the Pittsburgh Energy Technology Center and

Hydrocarbon Technologies, Inc. (HTI) have

developed a new and promising application for

direct liquefaction which involves the combined

processing of random waste plastics and waste

hydrocarbons with coal and/or petroleum

residuum to produce clean transportation fuels

and to recover the starting chemicals used for

production of new plastics. HTI's CoPro Plus

process refers to the combined processing of

coal with other hydrocarbon feedstocks.

A. Comolli et al. of HTI described HTI's

coprocessing technology at the 213th American

Chemical Society National Meeting held in San

Francisco, California, in April.

Process Description

The HTI CoPro Plus process (Figure 1) entails

coliquefaction of organic wastes with coal and/or

oil. The coal feedstocks used are those typically
utilized in direct coal liquefaction:bituminous,

subbituminous and lignites. The waste plastics

and tires are those collected by municipal recy

cling programs. The feedstocks are combined

and processed simultaneously with the dual ob

jective of liquefying the solid feed and

upgrading the residuum from either the liquefied

solids or petroleum oil to lower boiling (<524C)
premium products. The liquid phase

hydrogenation process takes place at

temperatures of about 425C and pressures of

15 MPa. Under these conditions, large

molecules are cracked, hydrogen is added and

sulfur, nitrogen and chlorine, etc. are easily

separated and recovered after conversion to

their basic hydrogenated form. Also, because

the process is contained under pressure, all

gases and inert components can be captured

and reused if desired. Efficiencies of greater

than 80 percent are achieved with this

coprocessing approach.
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FIGURE 1

SIMPLIFIED SCHEMATIC OF HTI'S COPRO PLUS PROCESS
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Results and Discussion

The feed conversion obtained during equilibrium

periods varies from 96.1 to 99.9 weight percent

moisture and ash free (maf). The lowest

conversion is for those conditions that contain

coal as part of the feed. The conditions without

coal are both over 99 weight percent maf feed

conversion. This indicates that little or no char

was formed in the reactors. The 524C+

residuum conversion varies from 82.7 to

84.0 weight percent maf feed. Comparing the

oil only condition to the oil/plastics condition

shows an increase in the residuum conversion.

The addition of plastic to the coal/oil condition

also results in an increase in residuum

conversion. The upgrading of the oil only
results in a C4-524C distillate yield of

76.0 weight percent maf feed. The addition of

coal decreases the distillate yield by
6.3 percent. The addition of plastic to either of

these conditions increases the distillate yield;

though more dramatically for the

condition than for the oil-only condition.

coal/oil

Extremely significant to this comparison of

process performance is the effect of plastic

addition on hydrogen consumption, say Comolli

et al. Not only does the addition of plastic to

either oil-only operation or coal/oil operation

improve performance it also decreases

hydrogen consumption. This is due to the

plastic feed having a higher relative

concentration of hydrogen than either the coal

or oil feedstock, 11.42 weight percent or

1.70 H/C atomic ratio for the plastic as

compared to 10.13 weight percent or 1.45 H/C

atomic ratio for the oil and 4.5 weight percent

dry basis or 0.77 H/C atomic ratio for the coal.

The light gas yield, CrC3, also indicates the

positive impact of adding plastics to either oil or

coal/oil processing. Oil-only operation results in

a light gas yield of 5.0 weight percent maf feed;

10
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coal/oil coprocessing raises this by 2.4 percent.
The addition of plastics to oil-only operation

decreases light gas yield by 0.7 percent and

coal/oil coprocessing by 2.1 percent. Plastics

not only reduces the total hydrogen

consumption but also uses it more efficiently in

producing liquid and not gas products.

The overall quality of the light distillate products

(Table 1) has also been excellent. The

Separator Overhead Product (SOH) coming out

of the in-line hydrotreater are of premium quality
with API gravities as high as 50 and H/C atomic

ratios close to 2.0 The nitrogen and sulfur

contents of the SOH product are low (below

15 ppm sulfur and 1 ppm nitrogen). It is also

clear that the addition of waste plastic either to

heavy resid feed alone or to a mixture of coal

and heavy petroleum resid, results in a

substantial increase in the API gravities of the

light distillate product; the lightest boiling
naphtha (IBP-177C) fraction also increases

noticeably upon the addition of municipal solid

waste plastics to the feed.

The economic evaluation was based on con

struction of a fully integrated grass-roots com

mercial coal/oil plastics coliquefaction complex

to manufacture finished gasoline and diesel fuel

liquid products. The costs and operating

requirements of the other process facilities and

the off-sites have been estimated from the

Bechtel Baseline Design Study, which was

developed for the DOE. The results of the

economic analyses are reported in Table 2.

The most significant criterion reported is the

equivalent crude oil price, note the authors.

From analysis of published data, a correlation

was found between crude oil and product prices,

depending on the specific product and the price

of the product. Relationships were developed

for the ratio of the prices of crude oil to the price

of the wholesale finished products (gasoline and

TABLE 1

PERFORMANCE COMPARISON - QUALITY

Coal/Oil/

Oji Coal/Oil Plastics Oil/Plastics

Feed Composition, wt.%

Coal 0 50 33.3 0

Plastic 0 0 33.3 50

Oil 100 50 33.3 50

SOH Distillate, ASTM D86, wt.%

IBP-177C 39.6 42.1 52.4 53.4

177-343C 52.1 50.9 40.7 41.7

343C+ 8.3 7.0 6.9 4.9

SOH Quality
Gravity, API 49.0 46.1 46.3 51.0

H/C Ratio 1.99 1.96 1.90 1.97

Nitrogen, ppm 32.2 15.5 17.9 5.4

Sulfur, ppm 96.9 52.7 46.2 17.5

% Aromaticity 7.25 17.82 23.49 14.89

11
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TABLE 2

ECONOMIC COMPARISON

(12,000 Tons/Day Total Feed)

Feed Rate

Coal, tons/day
Oil, barrels/day
Plastics, tons/day

Liquid Products, barrels/day
Gasoline

Diesel Fuel

Total

Total Plant Investment, $MM

Net Operating Cost, $MM/yr

Net Product Cost, $/barrel

Equivalent Crude Oil Price

Coal/Oil/

OH Coal/Oil Plastics Oil/Plastics

0 6,000 4,000 0

66,730 33,365 22,243 33,365

0 0 4,000 6,000

15,148 14,339 15,192 15,328

36,787 34,822 36,896 37,225

51,935 49,161 52,088 52,553

1,945 2,379 2,078 1,733

566.8 561.4 486.1 449.7

33.22 34.76 28.41 26.05

27.19 28.70 22.63 20.48

distillate fuel oil). For a given product slate and

product cost, multiplying the product cost by the

ratio produces the equivalent crude oil price.

This is the price that crude oil on the world

market would minimally need to sell at for the

proposed facility to have a 15 percent rate of

return on the invested equity. The addition of

plastic to either the coal/oil or the oil-only

feedstock decreases the equivalent crude oil

price by $6.07 to $6.71 per barrel. The

oil/plastics operation in this grass-roots plant

achieves an extremely low value of $20.48 per

barrel, putting it nearly in the range of economi

cally commercializing.

The liquid products from these coprocessing

operations were clean and good feedstocks for

refining operations, including hydrotreating,

reforming and hydrocracking. For these distil

lates, heteroatoms could be easily reduced, if

needed; also, better fluid catalytic cracking

gasoline yields require less hydrocracking

capacity for coal liquids than petroleum. These

distillates made acceptable blendstock for diesel

and jet fuel, due to their high cetane number

(42-46) and high naphthenes (over 50 volume

percent) content. The superior quality of

distillate products from HTI's coprocessing runs

(attributable to HTI's in-line hydrotreating

operation) was found to fetch a $3-premium

over the neat petroleum liquids.

MOLTEN CARBONATE FUEL CELLS

COMPLETE STARTUP TEST SERIES

San Diego Demonstration

M-C Power has completed the initial test of its

250-kilowatt molten carbonate fuel cell

powerplant located on the grounds of Naval Air

Station (NAS) Miramar in San Diego, California.

The powerplant produced 158-megawatt hours

of electricity and 296,000 pounds of steam

during the test.
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The development demonstration, which first

produced power on January 24, 1997, was

funded through a cooperative agreement be

tween the United States Department of Energy

(DOE) and M-C Power. The Gas Research In

stitute (GRI), the Electric Power Research In

stitute (EPRI), the Defense Advanced Research

Projects Agency (DARPA) and several

individual electric and gas utilities, led by San

Diego Gas and Electric (SDG&E), also

contributed funding. SDG&E also served as the

host utility and managed the plant operations.

This was the first time any molten carbonate

fuel cell powerplant has been used for

cogeneration, providing both electricity and

high-quality steam, in a utility grid application.

We were extremely pleased with the quality of

our production of electricity and steam, and with

the smooth transitions between being on and

off-line,"

said J. Scroppo of M-C Power.

While producing power, the NAS Miramar

powerplant also verified the successful im

plementation of a number of technical

breakthroughs and equipment designs, and set

the stage for incorporating additional improve

ments in the next M-C Power development

phases.

M-C Power recently opted to conclude the NAS

Miramar demonstration. M-C Power will

continue to work with its two main sources of

support, the DOE and the Alliance to

Commercialize Carbonate Technology (ACCT).

Continuing development efforts at M-C Power

are supported by a multiyear DOE cooperative

agreement that began in 1995. ACCT is a

growing group of 29 United States and

international organizations representing

electricity, natural gas, oil, and manufacturing

companies, and research and government

institutions. Its members have worked closely

with M-C Power for several years to help focus

the company's development efforts on products

of high commercial value, and to gain

knowledge about fuel cell characteristics,

operations and markets that may position ACCT

members to become some of M-C Power's first

commercial customers.

Santa Clara Demonstration

The field test of a 2.0-megawatt utility-scale fuel

cell powerplant in Santa Clara, California, was

completed earlier this year.

The Santa Clara Demonstration Project

powerplant based on Energy Research

Corporation's molten carbonate direct fuel cell

technology demonstrated the feasibility of

operating a fuel cell under utility field
conditions.

In 1990 the Fuel Cell Commercialization Group

(FCCG) partnered with Energy Research

Corporation (ERC) to speed the introduction of

ERC's Direct Fuel Cell (DFC) powerplant to the

energy market. The Santa Clara Demonstration

Project is the first major milestone in the FCCG-

DFC commercialization program. The design of

ERC's DFC commercial powerplant was

completed concurrent with the demonstration.

The commercial plant will be one-ninth the size

of the demonstration plant and will deliver

30 percent more power.

During the 11 months of testing, between

April 1996 and March 1997, the plant validated

the design and operation of the DFC

powerplant. It reached 1 .93 megawatts net AC

(7 percent above the rated capacity of the plant)

and operated for nearly 4,100 hours in a grid-

connected mode-short of the 10,000 hours of

planned testing. More than 1 ,700 megawatt-

hours of power (net AC) was generated by the

demonstration plant for the City of Santa Clara

Municipal Electric Utility's customers. The fuel

cell stacks have been disconnected from the

plant and transported back to ERC for testing
and analysis.

With the accomplishments at Santa Clara, the

commercialization program is proceeding with

plans to demonstrate a prototype of the com

mercial fuel cell stack modules, possibly using

the balance-of-plant equipment at the Santa

Clara facility.
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FUEL CELLS APPROACH COMMERCIAL

STATUS FOR POWER GENERATION

Fuel cell generators, which have been used for

decades in spacecraft and other specialized,

high-value applications, are on track to break

through economic and commercial barriers to a

multitude of distributed power markets and ap
plications in the next few years, according to

T. Moore, in an article in EPRI Journal,
May/June 1997.

Compact and highly modular, fuel cells can be

installed almost anywhere, including in most

buildings and perhaps someday in practical

automobiles. At sizes of 20 kilowatts (kW) to
about 2 megawatts (MW), they offer strategic

efficiency and performance advantages over

conventional generation technologies like

industrial gas turbines, combined cycles and

diesel generators.

In the past year the Electric Power Research In

stitute (EPRI) has produced several

assessments of emerging fuel cell technologies.

The reports cover the liquid-electrolyte

technologies already entering utility and on-site

customer service-Phosphoric Acid Fuel Cells

(PAFCs) and Molten Carbonate Fuel Cells

(MCFCs)-and next-generation technologies,
such as Solid Oxide Fuel Cells (SOFCs) and

Proton Exchange Membrane (PEM) cells.

Commercially available 200-kW PAFCs, which

now cost around $3,000 per kilowatt (with early

sales qualifying for a $1,000 per kW federal

subsidy), are expected to find market niches in

applications under 1 MW where high-reliability
service is desired and where there is a need for

cogenerated low-temperature steam. United

Technologies Corporation (UTC) has committed

substantial resources to lowering installed costs

for PAFCs to around $1 ,500 per kilowatt.

MCFCs, which operate at a higher temperature

and are more efficient than PAFCs, are

expected to fit best in larger (1- to 20-MW)
baseload distributed power applications,

particularly in certain industrial markets where

cogeneration opportunities exist. If built in low

numbers, MCFCs are likely to cost around

$3,000 per kW. If costs can be reduced to

$1,500 per kW these systems could find

significant utility markets for distributed

generation in grid-support applications.
Third-

generation technologies like SOFCs and PEM

fuel cells have greater mass-market potential for

retail energy service applications in sizes down

to 100 kW and smaller-a scale that should

enable them to fill early-market niches and thus

realize manufacturing economies and market-

competitive production costs sooner.

SOFCs

EPRI considers SOFCs, which employ a

ceramic, solid-state electrolyte (zirconium oxide

stabilized with yttrium oxide), the only fuel cell

technology with the potential to span market-

competitive applications from residential loads

as small as 2 kilowatts to wholesale distributed

generation units of 10 to 25 MW. Because

SOFCs operate at a higher temperature than

MCFCs, their simple system efficiency (around

50 percent) is theoretically not quite as good as

that of MCFCs, although it is better than the

efficiencies of PAFCs and PEM fuel cells. But

the 850 to 1,000C waste heat that SOFCs

produce, when used for cogeneration or for

driving an integrated gas turbine, can boost

overall system energy efficiency to attractive

levels. Moreover, SOFCs operate at a high

enough temperature to incorporate in their

design an internal fuel reformer that uses heat

from the fuel cell-along with recycled steam

and a catalyst-to convert natural gas directly
into a hydrogen-rich fuel.

Known as SOFC-GTs, such systems promise

high electrical efficiency-60 percent to possibly
over 70 percent. They have the potential for

achieving competitive cost targets ($1,000 to

$1 ,200 per kW) at the 1- to 5-MW scale, assum

ing high-volume manufacturing of several

hundred MW per year.

High-efficiency systems coupling advanced

SOFCs with small gas turbines and having a

combined rating in the range of 250 kilowatts to

25 MW are expected to fit into grid-support or

14
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industrial on-site generation markets, and they

potentially could compete head-on with

wholesale power rates.

Westinghouse Electric Corporation is the current

leader in SOFC technology in terms of the num

ber and size of test units and their cumulative

hours of operation.

In a proposed extension of its United States

Department of Energy-funded (DOE) SOFC

development program, Westinghouse has plans

to test a 100-kW cogeneration system and

demonstrate SOFC-GT systems ranging in size

from 250 kW to 2.5 MW before 1999. The com

pany also plans to begin construction of a com

mercial SOFC manufacturing facility in the

same time period. Westinghouse has indicated

plans for an initial product line of distributed

SOFC-GT systems in the range of 1 to 7 MW.

As an alternative to Westinghouse's tubular

SOFC design, several other development com

panies are working on planar SOFC designs,

which feature flat-plate cell stacks and

potentially offer lower-cost manufacturing and

assembly. One planar SOFC developer, Ztek

Corporation, has operated a 1-kW cell stack for

over 15,000 hours. By the end of this year, a

25-kW module is expected to be operating on a

utility system. Ztek is hoping to complete and

begin testing a 250-kW SOFC-GT unit, with the

fuel cell modules pressurized to 5 atmospheres,

in 1998.

EPRI conservatively estimates the United

States market for SOFC-GT systems to be

around 500 to 600 MW a year over the next

10 years. Overseas markets could easily be

twice that size. Likely early United States

markets are industrial paries, which can

incorporate fuel cells as part of an integrated

energy service solution. Secondary markets

could be in grid-support applications that

provide environmental siting solutions in

emissions-constrained urban areas.

Other potential early-market customers for

SOFC-GTs are rural electric generating and

transmission utilities facing load growth on con

strained transmission and distribution systems.

Even more powerful and efficient SOFCs are

anticipated within just a few years as a result of

materials science work sponsored by EPRI

Strategic R&D.

PEM Fuel Cells

PEM fuel cells are of interest to automobile

manufacturers as future mini-powerplants

(about 50 kW) for electric vehicles. In addition,

their quick-start capability, ruggedness and

potentially low cost make them attractive for

stationary distributed power applications,

including remote off-grid applications. These

fuel cells operate at a comparatively low

temperature (70 to 100C), using a moist

polymer membrane electrolyte. PEM cells are

targeted for use in continuous premium-power

service and as small peaking generators in retail

markets. Although their operating efficiency is

expected to be somewhat lower than that of

commercial PAFCs, experts believe PEM fuel

cell generators could achieve installed costs

below $1 ,000 per kW for continuous premium-

power service and below $500 per kW as

peaking units.

At least nine companies in North America have

active PEM fuel cell programs in various stages

of development. The current technical leader is

Ballard Power Systems (Vancouver, British

Columbia, Canada). In a development program

that began in 1993 with substantial funding from

the German automaker Daimler-Benz, Ballard

has produced PEM fuel cell stacks of sufficient

power density-and sufficiently low weight and

volume-for practical use in automobiles.

Dramatic reductions in cost remain a key hurdle,
however.

Two Ballard PEM power units (100 kW and

205 kW) are operating in commercial-scale

zero-emission transit buses fueled by hydrogen.

Six prototype transit buses powered by PEM

generators have been built: three for the

Chicago Transit Authority and three for B.C.

Transit.

Ballard expects to begin operating a prototype

250-kW PEM stationary generator at its facilities

this year. Although recent media attention has
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focused on transportation applications, par

ticularly advanced electric vehicles, Ballard ex

pects the first big market for PEM systems to be

stationary distributed power applications, not the

100-times-larger automobile market.

With feasibility and acceptable power density for
PEM fuel cells now well established, the focus is

on overall technology development and integra

tion of the stack and Balance Of Plant (BOP).

For grid-connected distributed power applica

tions, the BOP must include a high-efficiency,
affordable inverter to turn the fuel cell's direct

current output into alternating current.

Stationary power markets are expected to

materialize for PEM systems if installed costs

can be brought down to $1 ,500 per kilowatt or

lower. Comparable targets for automobile

applications are lower still by a factor of 15 to

30.

Strategic Opportunities for Utilities

Many electric utilities are familiar with fuel cells,
and several are already establishing business

relationships aimed at developing and distribut

ing the technology in competitive customer

markets.

Ballard Generation Systems, a joint-venture be

tween Ballard Power Systems and GPU Interna

tional, will develop, manufacture and market

stationary fuel cell power systems using

Ballard's PEM technology. The venture will

initially manufacture the 250-kW unit Ballard

has been developing.

The Cinergy Corporation subsidiary, Cinergy

Technology, has licensed a 3-kW Ballard PEM

generator for testing and evaluation under a

cooperative research and development agree

ment with the United States Naval Surface War

fare Center's Crane Division in Indiana, where

batteries and electrochemical devices for

military application are tested. H-Power,

meanwhile, recently announced plans with

Duquesne Enterprises, the unregulated

subsidiary of the Pennsylvania utility DQE, to

produce a residential-scale PEM fuel cell

system.

Moore concludes that there are large barriers to

the market introduction of some high-cost fuel

cell technologies in the electricity industry's

evolving competitive environment. Certain

technologies and products, however, are likely
to be successfully commercialized. Emerging

competitive retail electricity markets will provide

greater opportunities for new players to use new

technologies to offer energy services to in

dustrial, commercial and retail customers.

Various types of companies
energy service

companies, power marketers, mini-generating

companies and other third parties-will seek to

use technologies that are near-commercial and

technically proven. Fuel cells may qualify soon.

INTERNATIONAL

IEA MINISTERS AFFIRM COMMITMENT TO

ENERGY SECURITY

The most recent meeting of the Governing
Board of the International Energy Agency (IEA)
at Ministerial Level was held in Paris, France, in

May.

The most pressing challenge facing IEA

Ministers today is that of devising and

implementing energy policies that are realistic,

achievable and cost-effective and that will help
achieve the greenhouse gas emissions

limitation and reduction objectives that are

expected to be agreed upon in December at the

third session of the Conference of the Parties

(COP-3) to the United Nations Framework

Convention on Climate Change (UNFCCC) in

Kyoto, Japan, and thereafter. Because

emissions limitation and reduction objectives

will have critical implications for energy

producers, consumers and energy markets

generally, energy policy makers need to play a

significant role in meeting the challenge posed

by the climate change problem and in defining
the elements of an agreement at COP-3.
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Ministers committed themselves to seek a posi

tive outcome at COP-3, including post-2000

emissions limitation and reduction objectives

that are equitable, realistic and achievable

within energy sector constraints, and to

implement any agreement reached at Kyoto in a

timely and effective manner.

Energy Security

Ministers reaffirmed that energy security

remains the most important criterion guiding IEA

activities. Despite the evolution of the oil

markets toward greater competition,

transparency and efficiency, oil security remains

a serious concern, particularly given the

prospect of increasing import dependence, the

role of oil in accounting presently for 40 percent

of energy consumption in IEA countries, and the

increasing concentration of remaining oil

reserves in the Middle East. Rising oil demand

outside of the IEA countries underscores the

need for closer energy security cooperation with

non-lEA Member countries.

Ministers acknowledged the steps taken by the

IEA to strengthen and adapt its emergency

response measures to reflect changing oil

market conditions, as well as the progress

already achieved in overall energy

diversification and in reducing oil demand

growth through energy efficiency policies and

technological progress.

They noted, however, that strategic and opera

tional stock coverage in IEA net importing
countries has been declining over the past

decade. In addition, the potential for further fuel

switching has diminished with increased use of

gas and other fuels in power generation and

other sectors, resulting in concentration of oil

use in the transportation sector. Finally, spare

crude oil production capacity in non-lEA

countries is now lower than before the Gulf

Crisis or during the 1980s, and there continues

to be uncertainty over the extent to which such

capacity would be available in an emergency.

Ministers therefore cautioned that there is no

room for complacency and stressed the need to:

Enhance efforts to provide for flexible

and credible responses to any emergency

by keeping the lEA's emergency response

mechanisms fully up to date.

Maintain-and in Member countries with

weak stock positions, improve-the level

of IEA emergency stocks.

Analyze the implications of the changing

structure of oil demand and oil import

dependence for the world's ability to cope

with possible future supply disruptions.

Assess current and future spare produc

tion capacity in major oil and natural gas

producing countries.

Encourage further opening up to foreign

investment of the oil and other energy

sectors in major non-lEA Member

countries.

Share with non-lEA Member countries the

lEA's experience and expertise in the

areas of stockholding and coordination of

emergency response measures.

Strengthen dialogue and exchange of in

formation with major non-lEA oil produc

ing and consuming countries.

ENVIRONMENT

WRI SAYS CLIMATE PROTECTION PLANS

SHOULD BE REVENUE NEUTRAL

The build-up of greenhouse gases in the atmos

phere and human-caused wanning of the Earth

is the largest global environmental challenge

facing society as it approaches the 21st century.

According to the Intergovernmental Panel on

Climate Change, if action is not taken to slow

and reverse the growth of greenhouse gas

emissions, there could be ecological impacts on

17
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a scale outside all of human experience. In

turn, these impacts would have serious

economic and social consequences.

As a first step toward the ultimate goal of stabi

lizing concentrations, the industrialized nations

that signed the Framework Convention on

Climate Change voluntarily undertook to return

their emissions of carbon dioxide and other

greenhouse gases to 1990 levels by the

year 2000. However, many countries, including
the United States, will fail to meet this target.

In 1995 at the first Conference of Parties to the

Convention (COP-1) in Berlin, signatories ac

knowledged that even if emissions were stabi

lized at 1990 levels, concentrations would con

tinue to rise rapidly because C02, once

released, remains in the atmosphere for

decades. The Berlin Mandate calls for

strengthened commitments from developed

countries to reduce their emissions after 2000.

Negotiations since COP-1 have led to various

proposals, the most stringent calling for

industrialized countries to reduce emissions to

20 percent below 1990 levels by 2005.

Agreement on future commitments will be em

bodied in a formal protocol to be signed at the

third Conference of the Parties in Kyoto in

December 1997.

If the United States and other nations do agree

on binding limits on greenhouse gas emissions,

they will need to adopt measures to reduce car

bon emissions with the least adverse economic

impacts. One of the most effective and efficient

mechanisms could be a carbon tax-a tax levied

on all fossil fuels in proportion to their carbon

contents.

An alternative proposal under consideration in

the United States is a tradable permits program,

in which permits would be required in order to

sell or use fossil fuels.

Many interest groups claim that a carbon tax or

tradable permits policy would impose high

economic costs and reduce economic growth.

For support, they point to simulations with

economic models, some of which have sug

gested that stabilizing CO2 emissions at

1990 levels could require a tax of up to $430 per

ton of carbon by 2030 and could impose total

costs of up to 2.5 percent of annual Gross

Domestic Product (GDP). In contrast, other

economic models predict that similar emissions

reductions could be achieved with far smaller

energy taxes and negligible, or even favorable,

overall impacts on the economy.

Despite the wide range of predicted economic

impacts of C02 abatement, according to a

World Resources Institute (WRI) report, The

Costs of Climate Protection: A Guide For The

Perplexed by R. Repetto and D. Austin of WRI,

two areas of policy agreement among the

underlying economic models stand out. First,

the economic impacts will be much more

favorable if revenue-raising policy instruments

are used to control C02 emissions and the

revenues are used to reduce other burdensome

tax rates. The two principal revenue-raising

policy instruments are carbon taxes and

tradable permits that are auctioned off by the

government rather than given away. Both

instruments imply that carbon-based fuels will

become more expensive to the users, raising

costs throughout the economy. However, using
the revenues to lower taxes on labor and capital

would offset some of these higher costs and

improve the economic impacts.

Giving permits away to energy users and sellers

or using regulations to force industries to reduce

their C02 emissions are alternative policy ap

proaches that forgo potential revenues. They
create no opportunities to generate offsetting ef

ficiency gains by reducing the marginal rates of

distorting taxes, say Repetto and Austin.

Instead, the potential revenues from auctioning

off permits to bum fossil fuels remain with the

firms that received free permits or regulatory

permission. Conceding these permits to firms

may be politically advantageous because it

awards a valuable right to certain firms and

industries that might otherwise oppose any

climate protection policy. However, income and

economic growth would be lower if this

approach were adopted, just as they would be if

revenues from a carbon tax were recycled

through lump-sum rebates.
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Similarly, forgoing carbon tax revenues would

limit the government's opportunities to finance

offsetting tax cuts and other programs to

cushion the distributive burden of higher energy

prices on lower-income households and other

vulnerable groups. Instead, those companies

permitted to sell or use the limited quantities of

carbon fuels available would obtain windfall

profits. For both equity and efficiency reasons,

the United States Government should base its

climate protection plans on policy instruments

such as a carbon tax or auctioned-off carbon

permits that yield revenues to finance tax

reductions says WRI. Moreover, the authors

emphasize that climate protection plans should

be revenue-neutral. Identifying these offsetting

tax cuts in advance and ensuring that the

government's spending and deficit are

unchanged should help allay economic

concerns about climate protection.

The second area of agreement among

economic models is that joint implementation

will reduce the overall costs of achieving carbon

abatement targets. Emissions trading among

domestic United States firms and facilities has

already proven to be cost-effective in reducing

conventional air pollutants.

International joint implementation is compatible

both with a United States carbon tax and with a

carbon permit trading system. Ironically, many
countries with emerging market economies

have not approved the principle of such

implementation even though they would benefit

significantly from the infusion of technology and

investment that it would bring.

WRI believes the United States Government

should continue to consult and negotiate with

other nations to gain international acceptance

for joint implementation among nations adopting

C02 reduction commitments, and to promote

joint implementation through pilot projects and

institutional development.

The variation in the predicted economic impacts

of climate protection stems from differences in

underlying assumptions built into economic

simulation models. According to WRI, predict

ions that a carbon tax or a cap-and-trade policy

to reduce C02 emissions would seriously harm

the economy are unrealistic. They stem from

worst-case modeling assumptions. Under more

reasonable assumptions and preferable policy

approaches, a carbon tax is a cost-effective way

of reducing the risks of climate change and

would do no damage to the economy.

This point is likely to be obscured as the debate

over United States climate policy becomes in

creasingly intense and politicized as

international negotiations proceed, say Repetto

and Austin. The real issues that need resolution

are how to cushion the impact on those

industries, regions and communities that would

be adversely affected and how to negotiate

international agreements that will bring about

coordinated actions by all major economic

powers.

WEFA CALCULATES ECONOMIC IMPACT

OF GREENHOUSE GAS REDUCTION

POLICIES

By 2010 world carbon emissions are projected

to exceed 1990 levels by nearly 40 percent

(8,495 million metric tons versus 6,068 million

metric tons), and United States carbon

emissions are projected to exceed 1990 levels

by nearly 30 percent (1 ,722 million metric tons

versus 1,337 million metric tons) if no carbon

abatement steps are taken.

In 1996 the United States Administration

outlined the basic components of a binding
agreement to limit carbon emissions that the

United States would be willing to support,

acknowledging:

The scientific uncertainty

Potential economic impacts

M. Novak of WEFA Energy Services outlined

the economic impacts of potential policies to

reduce greenhouse gas emissions at the 1997

Society of Automotive Engineers Govern

ment/Industry Meeting.
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Currently, the Administration is focusing on the

use of an economy-wide, or broad-based, ap
proach to meeting carbon emission targets. In

broad terms, the Administration's position is:

OECD participation in meeting a carbon

emissions target of 1990 levels by late

next decade and, at a minimum, main

taining emissions at that level.

Participation by the emerging economies

of the former Soviet Union and other

newly industrialized economies on a

delayed time schedule.

Global participation by all economies at

some point in the future.

Reducing global emissions in the non-

OECD through aggressive programs to

promote non-carbon-based development.

There are three mechanisms to meet carbon

targets, says Novak:

Switching to lower carbon-content fuels

Improving capital and process efficiency

Reducing consumption

Because economic performance is tied to an

economy's ability to produce energy services,

the cost of carbon abatement is high.

Numerous studies have been performed on the

projected impact on economic performance of

limiting carbon use. The loss in economic

performance is usually expressed as a

percentage reduction from a business-as-usual

case. Results from studies commissioned by
the United States Department of Commerce,

Department of Energy, the Environmental

Protection Agency, the Electric Power Research

Institute, the OECD and through the Energy

Modeling Forum are summarized in Table 1 .

Even these apparently small changes in the

Gross Domestic Product (GDP) (1.0 to

3.5 percent) will have a significant impact on the

economy. The baseline assessment of GDP

growth is approximately 2.1 percent per year for

the next 20 years. A 3 percent decline from the

baseline would slow the rate of growth of the

economy to 1 .8 percent per year. With popula

tion growth of 0.8 percent per year, real income

growth under the baseline is nearly 1 .3 percent

per year. With the loss of GDP due to the adop

tion of a carbon abatement policy, real income

growth would slow to only 1 percent per year,

says Novak.

For comparison, in the 1960s real income grew

about 2.8 percent per year. In the 1970s and

1980s, real income growth slowed to 2 percent

per year.

TABLE 1

IMPACT ON THE U.S. ECONOMY, 2010

Study Com Carbon Cost Loss of GDP

missioned bv ($/metric ton) (% diff. from base)

EPRI $200 2.5%-3.5%

DOE $200+/- 1.5%-2.0%

EMF $160-$260 1.0%-1.5%

OECD $125-$300 1.0%-1.5%
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Novak also argues that the emerging economies

of the world will be negatively affected by the

adoption of carbon targets by the OECD be

cause reduced OECD incomes lower demand

for developing countries products. In addition,

higher OECD export prices raise the price

developing countries pay for imports of

manufactured goods from the OECD. Higher

OECD interest rates will also increase the

interest payments burden on the net debtor

countries. However, partially offsetting these

negative impacts is the increased ability of the

developing economies to sell manufactured

goods.

In addition, while the net impact on the rest of

world economies is 0.8 percent increase

(Department of Commerce/Energy study), the

distribution of the increase is uneven. The

adoption of carbon emission targets by the

OECD results in 2010 changes from the

baseline outlook of:

Increases of 5 percent or greater. Korea,

Taiwan, Mexico

Increases of 1 to 2 percent: China, India,

Hong Kong, Singapore, Brazil

Increases of 1 percent or less: Indonesia,

Philippines, Thailand, Argentina

Decreases of 2 to 5 percent: Chile,

Colombia, Venezuela, Algeria, Egypt

Decreases of 5 percent plus: Ecuador,

Peru, Nigeria, Saudi Arabia
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CALENDAR

1997

October 2-3, Tokyo, Japan-Advanced Clean Coal Technology International Symposium,

fax 81 3 3263 7577

October 5-8, Edmonton, Alberta, Canada-47th Canadian Chemical Engineering Conference,

fax 613 232 5862

October 5-8, San Francisco, California-Gasification Technologies Conference, phone 703 276 0110

October 13-15, Istanbul, Turkey-CoalTrans 97, fax 44 171 779 8946, United Kingdom

October 14-16, Jakarta, Indonesia-Asia-Pacific Initiative for Renewable Energy and Energy Efficiency,
fax 872 25 74 1997, phone 202 383 2561

October 20-24, Gat! inburg, Tennessee-Tenth Symposium on Separation Science and Technology for

Energy Applications, fax 423 576 7468

October 21-23, Houston, Texas-DeWitt Conference on MTBE, Oxygenates and Methanol,
phone 281 774 7299

October 26-29, Denver, Colorado-International Joint Power Generation Conference,
phone 212 705 7793

October 28-29, Morgantown, West Virginia-Advanced Turbine Systems Conference,
phone 304 285 4108

October 28-30, New Delhi, India-EnergyWeek India, phone 713 963 6218

November 12, Calgary, Alberta, Canada-Improving Profitability in Diverse Horizontal Well Applications,
phone 403 237 51 12

November 16-21, Los Angeles, California-American Institute of Chemical Engineers Annual Meeting,
phone 212 705 8100

November 16-21, Dallas, Texas-International Mechanical Engineering Congress, phone 212 705 7037

December 1-12, Kyoto, Japan-UN Framework Convention on Climate Change: Third Conference ofthe

Parties, fax 49 228 815 1999, Germany

December 3, Calgary, Alberta, Canada-Canadian Heavy Oil Association, phone 403 266 8700, ext. 18

December 9-10, Houston, Texas-Arthur Andersen 18th Annual Energy Symposium,
phone 713 237 2472

December 9-1 1 , Dallas, Texas-Power-Gen 97, phone 713 621 8833

December 9-12, Houston, Texas-Monetizing Stranded Gas Reserves, phone 713 952 9500
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1998

March 3-4, Tysons Comer, Virginia-Ninth Annual U.S. Hydrogen Meeting, phone 202 223 5547

March 9-11, Los Angeles, Califomia-LNG's Expanding Marketplace, phone 888 478 3283

March 9-13, Clearwater, Florida-International Technical Conference on Coal Utilization and Fuel

Systems, phone 202 296 1133

March 29- April 3, Dallas, Texas~215th American Chemical Society National Meeting,

phone 202 872 4396

March 30-31
, Leeds, England-Second International Conference on Combined Cycle Power Generation,

phone 44 113 233 2496

April 28-May 1 , Reno, Nevada-Sixth Clean Coal Technology Conference, phone 202 586 7920

May 4-7, Perth, Australia-Twelfth International Conference on Liquefied Natural Gas, fax 61 6 247 1554

May 19-22, Beijing, China-Seventh UNITAR International Conference on Heavy Crude and Tar Sands,
fax 403 439 2423, Canada

June 2-5, Nantes, France-Third European Solid Oxide Fuel Cell Forum, http://www.edf.fr/DER

June 8-11, Hong Kong- Ninth Global Warming International Conference, fax 630 910 1561, USA

June 8-11, Wurzburg, Germany-Biomass for Energy and Industry, fax 49 89 720 1291

August 30-September 2, Interiaken, Switzerland-Fourth International Conference on Greenhouse Gas

Control Technologies, fax 44 1242 680 758, UK

September 13-18, Houston, Texas-17th Congress ofthe World Energy Council, fax 202 331 0418

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

Kingdom

November 8-1 1
,
San Diego, California-International Gas Research Conference, fax 773 399 8170

November 29-December 2, Dubai-18th International LNG, Natural Gas, LPG Conference

1999

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

2000

June, Calgary, Alberta, Canada-16th World Petroleum Congress

June 6-9, Nice, France-21stWorld Gas Conference, fax 33 1 42 27 49 43
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OIL SHALE

PROJECT ACTIVITIES

SPP/CPM AND SUNCOR SIGN

"UNCONDITIONAL
COMMITMENT'

TO

BUILD STUART STAGE I

During the second quarter, Suncor announced it

would go ahead with the US$198 million Stuart

Oil Shale demonstration plant with its Australian

co-owners, Southern Pacific Petroleum and

Central Pacific Minerals (SPP/CPM). (See July
1997 issue of The Sinor Synthetic Fuels Report,
pages 28-29.)

In June SPP/CPM announced that, having com

pleted legal formalities in regard to financial

close, the joint-venture participants in Stage I of

the Stuart Project have signed an unconditional

commitment to construct Stage I of the Stuart

Project.

Also in June SPP and CPM allotted 57 million

and 18.85 million Restricted Class Shares,

respectively, to Suncor Energy (Cyprus)

Limited, a wholly owned subsidiary of Suncor

Energy Inc.

TECHNOLOGY

PAMA PATENTS CATALYTIC PROCESS FOR

MOTOR FUELS FROM SHALE OIL

PAMA Energy Resources Development Ltd. in

Israel recently patented a process and catalysts

for the production of motor fuels from shale oil

(PCT International Application WO 97 19,1500).

Shale oils having a high sulfur content are

hydrotreated in a two-stage process. The shale

oil feed is passed along with hydrogen to a reac

torwhere it contacts a catalyst in a first stage to

effect desulfurization. The feed is then passed

to a second stage where it contacts a second

catalyst to effect denitrogenation. The catalyst

in the first stage is cobalt and/or nickel and

molybdenum supported on a rare earth oxide-

modified alumina. The catalyst in the second

stage is cobalt and/or nickel, molybdenum, and

a promoter on a zeolite and rare earth oxide-

modified alumina support.

CHEMICALLY ASSISTED IN SITU

RETORTING OF OIL SHALE STUDIED

Current methods of producing (flowable) shale

oil require heating the oil shale to temperatures

sufficient to thermally decompose the organic

material. The chemically assisted in situ retort

is a novel in situ method that uses chemical

reaction with HCI, C02 and H20 at lower

temperature and moderate pressure. The

chemically assisted in situ retort had been

previously shown to produce shale oil

essentially identical to that produced by
pyrolysis at high recoveries with minimal

chemical costs.

S. Kassarjian examined the feasibility of the

chemically assisted in situ retort method. The

results of his work were published in 1996 in his

PhD thesis for the University of Colorado at

Boulder.

Background

Ordinary oil shale recovery procedures use one

of two methods. The first procedure, in situ and

modified in situ retorts, uses an underground

combustion front, possibly enhanced by partial

mining and rubblization ofthe formation, to ther

mally decompose the kerogen into flowable oil.

The second procedure, ex situ retorting, uses an

above-ground retort to thermally decompose the

mined oil shale into oil and waste rock. Both

procedures require temperatures above 750 K.

Both procedures are not competitive with crude

oil because of process expenses (e.g., mining)
and/or process inefficiencies (e.g., ground

sweep limitations caused by formation

isolation).
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Prior research at Argonne National Laboratory
had indicated that acid attack of oil shale unex

pectedly increased the yield of bitumen by
80 percent. Follow-up research determined that
a mixture of 10 percent HCI, 80 percent H20

and 10 percent C02 at 600 kPa and 588 K

resulted in shale oil recoveries exceeding

80 percent Fischer Assay after the reactions ran
to equilibrium. This study used powdered

Colorado oil shale, and yielded an oil identical to

that produced by thermal decomposition.

The purpose of Kassarjian's research was to

determine if these results were applicable to a

dynamic experiment, and to achieve penetration

into and recovery of shale oil from solid oil

shale.

Two types of experiments were performed to

leam more about the chemically assisted in situ

retort: dynamic penetration reaction

experiments and batch reactor kinetic

experiments.

Dynamic Penetration Experiments

The first purpose of the dynamic penetration

reaction experiments was to determine if the

reactions could penetrate into a solid core. The

second purpose was to determine if the

reactions and penetration dynamics were

reaction rate limited ormass transport limited.

These experiments determined that the

reactions did penetrate into solid cores, creating

significant porosity and permeability.

Breakthrough times were random and recovery

was quite low at breakthrough. Following the

chemical soak with a chemical flood greatly

improved the recovery. The random

breakthrough times and low recovery at

breakthrough suggested that a simple

penetration model (rate limited versus transport

limited) was inadequate.

A new model, involving the seasonal laminae of

the raw oil shale, was proposed. The proposed

procedure for the chemically assisted in situ

retort has three steps:

Chemical soak until breakthrough

Chemical flood to achieve high recovery

Steam flood to complete the recovery of

oil

The dynamic experiments have not

demonstrated the efficiency or economic

viability of the process, but have indicated that

the method holds promise, says Kassarjian.

Reactor Kinetics Experiments

The purpose of the batch reactor kinetic experi

ments was to determine the reaction rate order,

kinetic rate constants, temperature dependency

of the kinetic rate constants, and stoichiometry

for the decomposition reactions of the

chemically assisted in situ retort. Previous

research attempted to determine the optimal

recipe for the chemically assisted in situ

retorting of oil shale, within an agitated batch

reactor with a fixed end time. The initial

amounts of C02, H20 and HCI each were

varied. Reactor temperature and pressure also

were varied. The recipes were evaluated

according to the amount of shale oil recovered

from each experiment, by the total chemical

cost, and by the incremental recovery cost.

During the kinetic experiments, three types of

reactions were observed.

If HCI was injected (at room

temperature), the HCI reacted quickly

with the mineral carbonates, with a net

loss of moles of gas.

During the temperature ramp, C02 was

produced by mineral carbonate decom

position and organic functional group

decomposition. The C02 release ceased

by the end of the temperature ramp and

was accelerated by water.

Once sufficient temperature was

achieved (near the end of the tempera

ture ramp), permanent gases were

produced. Permanent gas production

continued through the end of the

experiments-no cessation was observed.
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There were several other features of the kinetic

experiments. High recoveries of shale plus

bitumen were observed. These recoveries were

not statistically affected by the chemical recipe

used.

The decomposition reactions were adequately
represented as a single zero order decomposi

tion reaction. However, a reactor leak made

determination of the reaction order and rate

constant quite difficult. Stoichiometry could not

be determined due to poor instrumentation.

Conclusions

Kassarjian's research indicates that the chemi

cally assisted in situ retorting method, using a

reactive mixture of HCI, H20 and C02, may

have the potential to competitively produce

synthetic petroleum from the vast oil shale

reserves within the United States.

The dynamic experiments showed that the reac

tions could penetrate through the non-porous,

non-permeable oil shale, producing flowable

shale oil. No resistance to gas flow could be ob

served after complete breakthrough. The

breakthrough times were random, and shorter

than characteristic gas-solid diffusion times. Oil

recovery at breakthrough was low. Subsequent

reaction using a chemical flood greatly

increased the oil recovery. The random

breakthrough times and low recovery at

breakthrough suggest that a simple penetration

model (rate limited versus transport limited) is

inadequate.

The kinetic experiments showed that the

kerogen underwent decomposition substantially

along to completion, resulting in high recoveries

of oil plus bitumen. However, the kinetics of the

decomposition of kerogen into bitumen could

not be computed. Analysis of the pressure and

temperature data was unable to support any but

a zero order decomposition of the bitumen into

permanent gases (plus shale oil).

SECONDARY PYROLYSIS OF ISRAELI OIL

SHALE LEADS TO HIGH-VALUE PRODUCTS

Research on oil shale and shale oil pyrolysis

tends to focus on the conditions of thermal

decomposition of oil shale kerogen. However,

secondary reactions of the decomposition,

which take place in the retorting zone, are no

less important from the point of view of the

composition and properties of the end products.

It is known that as a result of the secondary

thermal reactions, oil yield decreases, gas yield

increases, and aromatics content in the oil

increases.

Usually, the secondary pyrolysis is undesirable

because the maximum oil yield is the main goal

of commercial retorting. As a result of the over

heating of oil vapors, the oil yield in commercial

retorts is fairly far from the theoretical. To

control and prevent these undesirable reactions,

it is important to know more thoroughly the

phenomenology of the secondary pyrolysis. In

some cases the secondary reactions may be

used and controlled so that products of a

desirable quality will be obtained.

V. Fainberg et al. of Technion-lsrael Institute of

Technology discussed the secondary pyrolysis

of products of Israeli oil shale in an article

published in Energy & Fuels 1997, Volume 11,

Number 4, pages 915-919.

Oil shale from the Northern Negev deposit,

Israel, is characterized by a low content of

organic matter, low oil yield (both from the shale

and from the organic matter), and a high content

of sulfur in the oil shale (2.5 percent) and in the

shale oil (up to 7 percent).

The batch-operated unit consisted of a retort

(first stage), converter (second stage), system

for electric heating of both apparatus,

equipment for temperature control, and a

system for cooling, condensing, collecting and

measurement of the products of processing.

The gas and oil vapors resulting from the oil

retorting (primary pyrolysis) were sent to the

converter for secondary pyrolysis at
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temperatures of 650 to 820C. The shale oil

was condensed, separated from water and gas,

and collected in a receiver.

synthesis. Thus, secondary pyrolysis simplifies

substantially the composition of the primary

shale oil.

Results and Discussion

The oil yield (on an oil shale organic matter

basis) decreased from 35.3 percent at the

pyrolysis temperature of 500C to 15.4 percent

at 820C. The gas yield increased from

10.7 percent at 500C to 25.5 percent at 730C.

Increasing secondary pyrolysis temperature in

creased the content of methane (18.3 volume

percent at 500C and 26.7 volume percent at

820C) and ethylene (0.4 percent at 500C and

8.3 volume percent at 820C) in the gas.

Hydrogen sulfide content was 10 to 16 volume

percent. The maximal heating value of the gas,
7,209 kilo-calories per cubic meter, was

observed at 730C.

The yield of hydrogen, methane, ethylene and

carbon monoxide increased with the tempera

ture, whereas that of alkanes decreased as a

result of the cracking. Yields of some com

ponents (propane, propylene) have a maximum

at a definite temperature.

The liquid products of the secondary pyrolysis

differ substantially from the usual (primary)
shale oil. The primary oil consists of a large

number (several hundred) of compounds, which

cannot practically be identified and separated

from each other even by means of

chromatography. Complexity of the product

does not lend itself to economic recovery of

individual components. On the contrary, the oil

resulting from the secondary pyrolysis consists

of a relatively small number of valuable

aromatic and individual sulfur-aromatic

components that may be more easily separated.

For example, the light fraction (boiling point to

150C) of the shale oil, subjected to the secon

dary pyrolysis, consisted mainly of only
10 componentsbenzene, toluene, thiophene,

xylenes, 2-methylthiophene, 3-methylthiophene

and dimethylthiophenes. All these compounds

can be easily separated each from other, and

every one of them can be used for chemical

The middle oil consists mainly of naphthalene

and other aromatic and heterocyclic compounds

such as alkylbenzenes, naphthalenes, fluorene,

phenanthrene, anthracene, thionaphthenes, etc.

On the whole, the secondary pyrolysis oil is

similar to coal tar, say Fainberg et al.

The higher the severity of the conversion, the

higher the yield of the simplest homologues-

thiophene, naphthalene, fluorene, phenan

threne, anthracene, thionaphthene and diben-

zothiophene. Maximal yield of benzene and

alkyl derivatives-toluene, methyithiophenes,

dimethylbenzenes, etc.-was observed at a tem

perature of 730C.

The light oil and middle oil contained up to

28 percent and 33 percent sulfur compounds,

respectively. Sulfides, disulfides and other non-

thiophene sulfur-containing compounds were

cracked into hydrocarbons and H2S, or were

transformed into thiophenes.

Practically all heavy alkylthiophenes were trans

formed during the secondary pyrolysis into

simpler products-methyl and dimethyl

derivatives-which, in turn, were decomposed

into the simplest homologues-thiophene,
thionaphthene and dibenzothiophene. The

overall process, depending on the conditions,

may result in either an increase or a decrease in

the amounts of methyl- and dimethylthiophenes;
the amounts of thiophene and thionaphthene

grow steadily with a rise in temperature.

Practical Significance of the Process

With the two-stage processing, gas and a

mixture of aromatic liquids are produced. The

gas can be used as an excellent clean fuel for

the combined-cycle power unit (instead of the

ash-rich and sulfur-rich oil shale or shale oil in

the usual processes). Aromatic products can be

used for the production of chemicals. This

scheme is more effective from a technical and

economical point of view than direct combustion

of oil shale says Fainberg. At the same time, it
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is claimed to be less harmful to the environment

than the direct combustion of oil shale.

Economic data for a commercial plant having a

capacity of 202 tons of dried oil shale per hour

were evaluated. The process of combined

production of energy and chemicals has better

economical characteristics than the direct com

bustion of shale or coal. The cost of power

production in the integrated process is

$0.0253 per kilowatt-hour, compared to $0,049

per kilowatt-hour for power production by the

direct combustion of the oil shale. The

integrated process requires a lower investment

and has a lower operating cost.

The total thiophene yield in the products of

secondary pyrolysis can be as high as

6.4 percent on oil shale organic matter (730C),
and this can be of practical interest because

thiophenes are now being widely investigated as

a source for the production of light- and

photoemitting polymers, materials for semicon

ductors, electrochemical cells, films sensors and

other high-tech devices.

INTERNATIONAL

consists of individual grains of uneven

composition, which include CaO, Si02, Al203,

Fe203 MgO, K20 and Na20. The finest of three

separated fractions corresponds in phase

composition and binder properties to the burnt

oil shale specified in DIN 1164, part 100. By

intergrinding 20 to 30 percent burnt oil shale

with the clinker, a Portland oil shale cement

CEM II/B-T52.5 is produced, which hardens

quickly, has pozzolanic properties and serves as

base for durable concrete.

In Cem. Concr. Res. 1997, 27(2) 279-291

N. Feng et al. of Tsinghus University, Beijing,

China, describe the use of an industrial waste

product oil shale ash as a pozzolan and as a

carrier for super-plasticizer to form carrier

fluidizing agent. For a series of concrete mixes

with a wide range of water/cement ratios, test

results indicated that the partial replacement of

cement by an equal weight of shale ash could

create an increase in the compressive strength.

For 10 percent replacement, the compressive

strength of the concrete could be increased by 5

to 10 percent at 28 days and 10 to 15 percent at

56 days. When shale ash was used to act as

the carrier for a super-plasticizer, the resulting

carrier fluidizing agent could control the loss of

slump of concrete mixes.

OIL SHALE ASH FINDS INTERNATIONAL

APPLICATIONS IN CEMENT AND

CONCRETE

Oil shale ash is being evaluated for its ap

plicability as a component of cement and con

crete in several areas of the world. (See 7he

Sinor Synthetic Fuels Report, July 1997,

page 34.)

W. Kikas of the Technical University of Tallinn,

Estonia, discussed the composition and binder

properties of Estonian kukersite oil shale ash in

ZKG Int. 1997, 50(2), 112-118, 120-122, 124-

126.

The fly ash of Estonian kukersite oil shale used

as fuel in the firing systems of powerplants

EMISSION FACTORS OF OIL SHALE-FIRED

POWERPLANTS TABULATED

The emission factors and annual emissions of

bulk and trace elements from two large oil

shale-fueled powerplants in northeastern

Estonia were investigated. The results were

reported by B. Haesaenen et al. in Science Total

Environment 1997, 198(1), 1-12.

Samples of fuel and ash were collected at the

same time that the S02, NOx and fly ash con

centrations in the stack gases were measured at

the powerplants. The elemental concentrations

of 30 elements in the fuel, bottom ash, ash from

super heater and economizer, cyclone and

electrostatic precipitator ash, and fly ash were

measured.
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Based on analyses of the fuel and different ash

fractions, 40 to 50 percent of sulfur and

selenium, and 25 to 35 percent of arsenic,

cadmium and thallium are released in the gas

phase. Other elements except for chlorine,

bromine and iodine, are retained in the ash

fraction by over 90 percent.

The emission factor for S02 in oil shale-fueled

powerplants is on the same level as that for

coal-fired powerplants. The emission factor for

NOx is one-third of that in coal-fueled

powerplants. The fly ash emission factor for oil

shale-fueled powerplants, 1,100 milligrams per

megajoule, is about 20 times higher than in

coal-fueled powerplants.

Due to the large size of these oil shale-fueled

powerplants (electricity output 1,390 and

1,610 megawatts) and high fly ash emission fac

tors, the total annual emissions of many ele

ments, both toxic and non-toxic, are high. For

example, the arsenic and lead emissions are 12

and 36 tons per year, respectively, and calcium

emissions 36,000 tons per year.

RESOURCE

BLM FILES WHITE RIVER RECORD OF

DECISION

In July the United States Bureau of Land

Management (BLM) filed the "White River

Record of Decision and Approved Resource

Management
Plan."

The White River Resource Area is located in

northwest Colorado and incorporates parts of

Rio Blanco, Moffat and Garfield Counties. The

Resource Area boundary includes

approximately 2,675,360 acres of BLM, national

forest, national park, Department of Energy,

state, and privately owned and administered

lands. The BLM administers approximately
1,455,900 surface acres, including minerals,

and 365,000 acres of mineral estate underlying

state and privately owned surface estate.

The Resource Management Plan (RMP) will

provide a framework for managing and

allocating BLM administered lands and

resources for the next 20 years. Resource use

is managed under the multiple use concept, by
integrating ecological, economic and social

principles in a manner that safeguards the long-

term sustainability, diversity and productivity of

the land, according to the BLM.

The resource decisions regarding oil shale are

summarized here.

BLM's objective is to provide for a prudent and

planned future leasing and development

program for the oil shale resource.

Management

The oil shale management decisions developed

in the Piceance Basin RMP (March 1985) are

carried forward as decisions in this document

(see Figure 1). Based on those decisions:

A total of 223,860 acres will be available

for oil shale leasing

39,140 acres will be available for open-pit

development

70,820 acres will be available for multi-

mineral (oil shale, nahcolite and daw-

sonite) leasing following development of

acceptable multimineral recovery tech

nology

At the discretion of the Secretary of the Interior,
research-scale lease tracts will be considered

within lands available for oil shale leasing. Ap
proval of research tracts will be based on the

merits of the technology proposed. The

Secretary of the Interior could also propose

research tract development to further the goals

of a federal energy policy. No definitive limits

on research tract size will be set forth at this

time. No commercial-scale operations will be

29
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FIGURE 1

LANDS AVAILABLE FOR OIL SHALE LEASING AND DEVELOPMENT

Using OH Stall Lum

MUb for MuM-Mtmnl Luting Only

knlmHs tor OpM Pit 01 Sr* iMrtaj

Avatabtt lor Undorground 01 Shalt

SOURCE: BLM

permitted on a research tract lease. However, if

the research tract technology successfully

demonstrated an adequate reserve recovery,

the Secretary of the Interior will have the

discretion of expanding the research tract into a

commercial mineral lease.

All oil shale leasing and development will be

subject to the carrying capacity concept sum

marized in Table 1 . Additional National

Environmental Policy Act analysis will be

required prior to any lease offering.

Implementation

The two existing prototype leases will be

developed subject to their approved Detailed

Development Plans.

Future leasing will be dependent upon

promulgation of regulations for the

administration of federal oil shale resources.

Proposed open-pit lease tracts will include a

contingency plan for handling disposal problems

associated with overburden and spent shale.
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TABLE 1

SUMMARY OF CRITICAL CARRYING CAPACITIES THRESHOLDS TO

OIL SHALE DEVELOPMENT IN THE PICEANCE BASIN

Resource Thresholds

Air Quality Class 1 1/category II increments for S02 and particulates available in Piceance Basin,

and class l/category I increments in Flat TopsWilderness and other designated

class l/category I areas in the region. Any level demonstrated to have adverse impacts
on Air Quality Related Values including visibility and acid deposition in class I areas.

Socioeconomic Local governments will be consulted on social and economic carrying capacities prior

to leasing. Guidelines to be used in making this determination: annual growth rate

5-15 percent of affected communities.

Big Game The habitat needed to maintain 24,900 wintering mule deer on BLM land in the

Piceance Basin.

Water Quality Stream standards as prescribed by NPDES permitting regulations issued by the State

of Colorado for specific projects. Allowable pollutant concentrations of discharge water

based on stream ratings as classified by the State of Colorado.

Appropriate surface stipulations will be

incorporated into the mine plan approval

process.

Additional leasing will not be considered until

the existing federal lease tracts and private oil

shale projects are being diligently developed, or

other factors, such as a national energy crisis,

materialize.
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PROJECT ACTIVITIES

SUNCOR PLANS TO INCREASE SYNCRUDE

PRODUCTION TO OVER 200,000 BARRELS

PER DAY

Suncor Inc., Calgary, Alberta, Canada, has an

nounced plans for a C$2.2 billion expansion of

its oil sands operation near Fort, McMurray,
Alberta.

The expansion, dubbed Project Millennium, will
more than double production to 210,000 barrels

per day from 85,000 barrels per day by 2002

and will duplicate existing extraction and

production facilities.

This latest project, plus a $600 million

expansion now under way, will increase

Suncor's spending in this area to $2.8 billion.

The current expansion will increase production

to 105,000 barrels per day by 1999.

The company says it expects its cash production

costs to drop to $10 to $11 per barrel by 2002

from a current $15 per barrel. It predicts a

15 percent return on investment because of fall

ing production costs.

The first phase of Millennium is a $190 million

investment in the existing plant, to begin im

mediately, which will increase production to

about 130,000 barrels per day by 2001. Con

struction on the second phase will begin in

1999, subject to board and regulatory approvals.

Suncor passed a milestone on its way to future

growth as it completed a major planned main

tenance shutdown at its Oil Sands facility during
the second quarter. The 30-day tum-around

was completed on time and under budget, and

was accompanied by tie-in work to prepare for

Suncor's future growth activities. Work con

ducted during the shutdown positions Suncor's

Oil Sands business for record production during
the second half of the year, with no major shut

downs planned for the next 4 years.

As a result of the shutdown, Oil Sands average

production for the quarter was reduced to

55,600 barrels per day, down from

79,200 barrels per day during the same period

last year (see Figure 1). Production for the

second half of the year is expected to average

about 85,000 barrels per day. Additional plant

changes were made during the shutdown to

facilitate the tie-in of new equipment which will

allow Oil Sands to increase production to

105,000 barrels per day by 1999.

Cash costs for the quarter were $21 .00 per bar

rel, compared with $15.75 per barrel in the

FIGURE 1

OIL SANDS PRODUCTION

BY QUARTER

(Thousands of Barrels per Day)

79.2
SU 81.3

Q2 Q3 Q4 Q1 Q2

1996 1997

SOURCE: SUNCOR
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second quarter of 1996. The increase was

primarily due to the significant drop in volume

for the quarter. Cash costs for the year are ex

pected to average about $15 per barrel. Earn

ings in the quarter declined to $16 million com

pared to $47 million in the same period last

year, primarily due to the lower production

volume.

Despite the expected decline in earnings, the

quarter saw Suncor continue to implement its

aggressive growth plans. Oil
Sands'

Steepbank

Mine development continues on schedule and

on budget, with the new Suncor Bridge across

the Athabasca River to the mine site now more

than 80 percent completed. In the upstream

Suncor completed its natural gas marketing deal

with Enron, and the Burnt Lake heavy oil pilot

project brought a third well pair into production.

UTF PROJECT REACHES 55 PERCENT

RECOVERY FROM FIRSTWELL PAIRS

J. O'Rourke, of Gibson Petroleum Company
Ltd., et al. updated the development status of

the Steam Assisted Gravity Drainage (SAGD)
process at the Underground Test Facility (UTF)
situated 70 kilometers northwest of Fort McMur

ray, Alberta, Canada, at the 48th Annual Techni

cal Meeting of The Petroleum Society held in

Calgary, Alberta, Canada, in June.

The UTF project is currently owned by the Al

berta Oil Sands Technology and Research

Authority (AOSTRA) and funded jointly by
AOSTRA (25 percent and nine Industry Par

ticipants 8 1/3 percent each). In addition to Gib

son, the Industry Participants are: Amoco

Canada Petroleum Company Ltd., Chevron

Canada Resources Ltd., China National

Petroleum Company (Canada) Ltd., Imperial Oil

Resources Ltd., Japex Oil Sands Ltd., Petro

Canada, Shell Canada Ltd. and Suncor Inc.

Gibson Petroleum Company Ltd. is responsible

for the day-to-day operation of the facility, long-

term planning and marketing of bitumen.

Historical Overview

The UTF is an in situ bitumen recovery facility
on the 20,000-hectare Oil Sands Lease No. 328

located 70 kilometers northwest of Fort

McMurray, Alberta, Canada. It is currently

operating five pairs of SAGD horizontal wells,

three drilled from tunnels under the oil sands

(Phase B) and two drilled from the surface

(Phase D).

It was initiated by AOSTRA in 1984 to test and

develop in situ bitumen recovery methods for

the extensive and deeper (70+ meters)

reservoirs of the Athabasca deposit which

contain roughly 1 trillion barrels of bitumen.

The basic concept of the SAGD process at the

UTF is illustrated schematically in Figure 1 . It

shows one pair of wells drilled from a tunnel

which is in the limestone, 15 meters below the

oil sand. The three Phase A and three Phase B

well pairs have this configuration. Figure 1 also

shows two well pairs drilled from the surface.

The two Phase D well pairs and the planned

Phase E well pair have this configuration.

The essential feature of SAGD is the dual-well

configuration in the reservoir. The lower well,

the producer, is drilled first and as close to the

base of the reservoir as possible (usually within

1 or 2 meters). The upper well, the injector, is

drilled within 3 to 7 meters of the producer. The

process is initiated by circulating steam in both

wells until the viscous bitumen between them is

mobilized by mainly conductive heating. Once

communication has been established between

injector and producer, concurrent steam

injection and bitumen production at the

respective wells is carried on. The heated

bitumen flows by gravity through the reservoir to

the producer. A small steam chamber forms in

the pores previously occupied by the displaced

bitumen. This steam in turn heats bitumen at

the perimeter of the steam chamber which then

flows to the producer. In this way the steam

chamber grows up and out until it reaches the

top of the reservoir and out horizontally until it

meets the steam chamber from a neighboring

well pair.
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FIGURE 1

UNDERGROUND TEST FACILITY

SOURCE: CROURKE ET AL.

The Phase A test was the world's first field test

of the dual-well SAGD process. The well pairs

were 25 meters apart with an effective

horizontal length of 60 meters. The wells

produced about 130,000 barrels of bitumen and

production rates greatly exceeded expectations.

Phase B was initiated to test more commercially
scaled wells (500 meters effective length and

70 meters horizontal spacing). The key features
tested were: the ability to drill long wells spaced
5 meters apart in oil sands, the scaling up of

high production rates of the Phase A wells to the

longer Phase B wells, and the long-term produc

tion performance of the wells which is still under

way.

In Phase D of the UTF project two surface

SAGD well pairs were drilled and tested. The

benefits of drilling and operating wells from the

surface rather than underground were: lower

overall cost and added safety by operating the

wells in an open, unconfined space. The

surface-drilled D wells were started up in

April 1996 and their performance has been

satisfactory as described later in this article.

As a result of continued net revenues generated

by the project, funds were available from the

original net budget to add a produced water

recycle facility and drill another test well pair

(Phase E) in 1997.
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The current plant is operating close to its peak

capacity (nominally 3,000 barrels per day). It is

planned to stop or reduce steam to the Phase B

wells some time in early 1998 when the Steam

to Oil Ratio (SOR) is expected to rise to 3.5. At

this SOR it is more economic to put steam into

new well pairs rather than continue injection in

well pairs with increasing SOR. The unused

steam capacity from the Phase B wells will be

made available for the new E well pair.

Performance of UndergroundWells (BWells)

As of March 1997 these three well pairs have

produced about 380,000 tonnes (or 2.4 million

barrels) of bitumen, more production than from

any other in situ project in the Athabasca region.

Recovery to March 1997 is about 55 percent of

original bitumen in place in the pattern.

Because of better than expected performance,

the shut-in of steam injection has been

postponed from August 1996 to the end of 1997.

As the underground wells mature, a point will

come where it is no longer economic to continue

steaming. This is expected to happen by the

end of 1997 based on current price projections

for bitumen and gas.

When steaming is terminated, about 70 percent

of the injected heat still remains in the reservoir.

The efficient recovery of the stored heat will

have a substantial impact on the overall project

economics. A number of wind-down scenarios

are being formulated and they will be tested in

these underground wells at the appropriate time.

A new surface-drilled well pair (Phase E) will be

placed about 120 meters north of the Phase B

wells to test the interaction between a depleted

reservoir and a neighboring active steam cham

ber.

Surface Well Design, Completion and Start

up (DWells)

While the underground wells have successfully

demonstrated the SAGD process and the as

sociated production methodology, studies con

ducted by the Alberta Department of Energy
(formerly AOSTRA) have shown that the supply

cost of the SAGD technology can be further

reduced by as much as $1 .50 per barrel by

utilizing horizontal wells drilled from the surface.

In late 1995 the UTF Participants approved a

new pilot (Phase D) which consists of two

surface-drilled well pairs.

Two different diameter wells (177.8 millimeters

and 219.1 millimeters) were placed to the

northwest of the Phase B wells. The two

different wellbore sizes were to test the effect of

wellbore hydraulics on steam chamber

development. While the bigger well diameter

gives an overall lower pressure drop, it also

becomes harder to drill and complete the wells.

The smaller diameter well pair, D2, was

successfully drilled and completed to the

designed horizontal length of 750 meters. The

D1 well pair, which has a larger diameter, was

completed shorter than the anticipated length

due to problems installing the liners. The final

completed lengths are about 300 and

180 meters from the D1 producer and injector,

respectively.

The D2 well pair was started up first in early

April 1996. After 2 months of circulation, the

well pair was successfully placed on SAGD

operation. A small amount of sand was

produced initially and sand production has

ceased.

The D1 well pair was started up in April 1996.

After gaining valuable experience from the D2

start-up, the D1 circulation phase was

completed in about 3 months without any major

problems.

After about 9 months of SAGD operations, both

producers were flowing in stable manner and

were performing close to theoretical prediction.

Reservoir Conservation (EWells)

The UTF project is now proceeding toward ex

perimental technology development for post-

steam production from SAGD wells. A success

ful post-steam technology will provide an

economic and technological boost for the SAGD

process in oil sands. In addition, a successful
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technology development for SAGD well link-up
operation will provide the basis for greater per

centage recovery of bitumen from the oil sands.

The objective of the E well pair test is to place

and operate a new surface-drilled horizontal

SAGD well pair to offset an active depleted

SAGD operation (Phase B wells). The recovery

of bitumen from the reservoir between the new

and existing wells will be maximized while the

potential of detrimental interference minimized.

This is a critical experiment to develop

technology to expand SAGD operations with

new offsetting wells.

When a new SAGD well is drilled adjacent to

the depleted or abandoned SAGD pattern, the

new SAGD well upon link-up will lose steam into

the depleted area, or water from the depleted

area will
"spill"

into the new well production

chamber and the new well production will be

negatively impacted. In the E well experiment,

the loss of steam from the new SAGD well into

the depleted area will be controlled by holding
the depleted area at an appropriate pressure

through the use of injected natural gas or

compressed flue gas. This will allow the

recovery of bitumen between the new E well

and the depleted B wells without the need for a

buffer zone to isolate the wells.

Future Development

The outlook for smaller scale commercial oil

sands development in the Athabasca area has

brightened significantly in the past few months

as plans to construct a black oil pipeline from

the region have been announced. Access to a

pipeline should increase the field netback price

significantly over trucking south thereby making

small-scale in situ projects more attractive. The

implementation of the new Crown oil sands

royalty regime also encourages project develop
ment. The Crown royalty is 1 percent of gross

revenue until project payout and after project

payout is 25 percent of net revenue. A return

allowance available for unrecovered costs

allows a small return on these costs.

The recoverable bitumen reserves near the UTF

site lie in a North-South channel approximately

1 -kilometer wide. Recent delineation drilling
within a few kilometers of the site has

demonstrated at least 85 million barrels of

developable bitumen in place. This amount is

suitable for a 5,000-barrel per day sized project

lasting 25 years. Further delineation drilling
could prove reserves for a larger project.

Further project experience indicates that both

the capital and operating costs for the SAGD

project developed at the UTF will be higher on a

per barrel basis than estimated in 1994. It is

estimated that a 5,000-barrel per day project will

cost about 20 percent more to build and operate

than a 30,000-barrel per day project on a per

barrel basis. The challenge will be to reduce the

cost on smaller scale projects to compete with

the larger projects in the Athabasca oil sands,

say the authors.

SUNCOR BRINGS THIRD WELL PAIR INTO

PRODUCTION AT BURNT LAKE

A third well pair at Suncor's Burnt Lake heavy
oil pilot project began producing in the second

quarter of this year. According to the company's

Second Quarter 1997 Report Suncor is now

modifying above-ground operations to increase

production. The first phase of Burnt Lake is ex

pected to achieve an average daily production

target of 800 barrels of oil equivalent per day for

the year, in line with Suncor's expectations.

CORPORATIONS

CARBON DIOXIDE FROM NORTH DAKOTA

SYNFUELS PLANT TO INCREASE

SASKATCHEWAN HEAVY OIL PRODUCTION

PanCanadian Petroleum Ltd., along with

36 partners, plans to proceed with a 1 .1 billion

Canadian dollar (US$789 million) enhanced oil

recovery project to boost production from and
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extend the productive life of a large mature oil

field in Saskatchewan, Canada.

The company will also boost its interest in the

Weybum project in southeastern Saskatchewan,
to 69 percent from 44 percent through an asset

swap with Shell Canada Ltd. As a result,
Pan-

Canadian expects to invest about $759 million

in the project over 15 years.

PanCanadian officials projected that in 2001 the

enhanced oil recovery initiative will triple

Weybum's declining oil output to roughly

30,000 barrels per day. Enhanced oil recovery

also will extend the Weybum oil field's

remaining productive life by 25 to 44 years.

The increased oil production is to be achieved

by injecting large amounts of carbon dioxide

into the oil reservoir, where the gas should boost

oil flow by increasing reservoir pressure and by

forming a frothy oil solution that moves more

easily between pores in the reservoir rock than

undissolved crude oil.

PanCanadian said that Dakota Gasification

Company of Bismarck, North Dakota, has

agreed to build a $100 million pipeline to

transport carbon dioxide about 230 miles to

Weybum from Beulah, North Dakota, where it

operates a synthetic fuels plant that produces

carbon dioxide as a waste product. The pipeline

is scheduled to be built in the summer of 1999,
and carbon dioxide injection is expected to

begin late that year.

The Saskatchewan Government has agreed to

certain tax concessions for theWeybum project,

including reduced royalty rates on oil production

and a sales tax waiver for carbon dioxide pur

chased for the project.

BHP JOINS SHELL CANADA TO STUDY

NEW OIL SANDS MINING VENTURE

In June Shell Canada Ltd. and BHP Minerals

reached an agreement to work on a Pre-

Feasibility Study for the Lease 13 Oil Sands

Project, located approximately 70 kilometers

north of Fort McMurray, Alberta, Canada. The

study will be completed this year and will

include preparation of a development plan and

an application for regulatory approval of a mine

and extraction facility on the West half of

Lease 13. BHP will contribute its expertise in

mining and mineral processing and share

25 percent of the costs of the Pre-Feasibility
Study.

The cost of the Lease 13 Oil Sands Project is

estimated at C$1 billion (1997 dollars) for the

mine and extraction plant. The project would

initially produce 120,000 to 150,000 barrels per

day of bitumen, with startup scheduled for 2002.

It would be Canada's largest new oil sands

mining development in a quarter century.

Earlier this year Shell took the first step toward

regulatory approval by filing a Public Disclosure

outlining general plans for the project based on

preliminary studies. Further work, including the

Pre-Feasibility Study with BHP, is required to

confirm the commercial viability of the project.

The proposed oil sands mine would be in

tegrated with Shell Canada's Edmonton,

Alberta, refining operations.

Shell Canada has also announced plans to build

a C$375 million pipeline to transport oil from the

new oil sands development to its Edmonton

petroleum refinery.

SHELL CANADA PLANS NEW UPGRADING

CAPACITY

In September Shell Canada Limited announced

preliminary plans for development of a

C$1 .8 billion bitumen upgrader at its Scotford

Refinery near Edmonton, Alberta, Canada. This

begins the regulatory process for approval to

build the Scotford Upgrader that will process

140,000 to 150,000 barrels per day of bitumen

from Shell's proposed Lease 13 Project.
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In March 1997 Shell announced the Lease 13

Project-a new $1 billion oil sands mine and ex

traction plant located 70 kilometers north of Fort

McMurray, Alberta. In July 1997 Shell proposed

the $375 million Corridor Pipeline to move

bitumen from Lease 13 to the Edmonton area.

The Scotford Upgrader is the third and final

piece of Shell's proposed $3.2 billion integrated

oil sands development. Since June Shell has

been working with one of the world's largest

mining companies, the Broken Hill Proprietary
Company Limited, on a prefeasibility study
which will be completed this year.

Preparation of a regulatory application is under

way, with approval targeted for late 1998.

A detailed feasibility study of the integrated oil

sands development will be completed by the

end of 1998 at a cost of approximately
$100 million. Pending regulatory approval, and

the successful completion of the feasibility study
and other key technical and commercial

milestones, construction of the Scotford

Upgrader is expected to begin in 1999. First

processing is scheduled for the fall of 2002

when production from the Lease 13 Project is

scheduled to begin.

The Scotford Upgrader will use commercially

proven upgrading technologies, including
hydroconversion, to process bitumen. The use

of hydro-conversion technology maximizes the

yield per barrel of bitumen processed, reduces

emissions and byproducts, and enables

refineries to produce clean, high-quality refined

products.

UNITED TRI-STAR RESOURCES TO

PURCHASE SOLV-EX ASSETS

UTS or its nominee, and 15 percent by Solv-Ex

or its nominee.

Solv-Ex, which filed a petition this summer

under Canada's Companies Creditor

Arrangement Act (CCAA) to protect its oil sands

plant, has stated that the purchase price is

enough to pay the secured and unsecured trade

creditors approximately 100 percent of their

claims by the end of 1997.

Solv-Ex remains under the protection of the

Canadian Court and United States Bankruptcy
Court and will remain so until discharged. UTS

will continue to be involved in the Solv-Ex

CCAA proceedings and will assist in the

corporate restructuring that may occur.

Oil (bitumen) production at the Solv-Ex oil

sands plant began in March. Reportedly, the

plant had been producing 3,500 barrels of

bitumen per day. Oil production was slated to

rise to 14,000 barrels per day later this year and

80,000 barrels per day total once the plant was

completed.

As the second half of the coproduction plant,

Solv-Ex planned to produce alumina from

Athabasca fine clays using its patented sulfuric

acid process. The construction of the minerals

extraction plant was scheduled for the first half

of 1997 with production before the end of the

year.

By May the sulfuric acid plant, as well as much

of the other equipment required for minerals

extraction, had already been acquired and is on-

site. Concrete pilings had been set for both the

acid plant and minerals extraction building in

anticipation of foundation and building
construction.

In September United Tri-Star Resources Ltd.

(UTS) announced that its partners, Solv-Ex Cor
poration of New Mexico and Solv-Ex Canada

Ltd. accepted an offer to purchase 75 percent of

the assets related to its Athabasca Tar Sands

project in Northern Alberta, Canada. The

balance ofthe assets will be held 10 percent by

PDVSA SEES ORIMULSION PROMISING BUT

NOT YET PROFITABLE

The 7996 Annual Report of Petroleos de

Venezuela S.A. (PDVSA), Venezuela's national

oil company, reports net earnings of US$4,495
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billion for 1996. PDVSA paid 4.04 trillion

bolivars to the Venezuelan State Treasury in

income tax and royalties, plus 392.623 billion

bolivars in dividends on the 1995 results. This

contribution to the state is the highest in

PDVSA's corporate history. It represents

14 percent of Gross Domestic Product (GDP)
and plays a highly important role in the national

economy.

PDVSA's primary business is vertically

integrated petroleum operations,

petrochemicals, coal and Orimulsion.

Orimulsion is obtained by emulsifying natural

bitumen, a heavy hydrocarbon of which there

are substantial reserves in the Orinoco Belt.

Orimulsion can be used to generate electricity,

and has been classified by the European

Community as "natural bitumen suspended in
water,"

which exempts it from environmental

taxes. Net sales of Orimulsion for 1996 reached

$161 million, up from $147 million in 1995.

However, Orimulsion posted operating losses of

$74 million, down from $182 million in 1995.

In 1996 the exports of Orimulsion, one of the

most attractive businesses for PDVSA,

amounted to 4.173 million tons, 613,000 tons

more than the previous year (see Figure 1).

FIGURE 1
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This increase results from the incorporation of

Lithuania as a new client, the holding of tests in

China and an agreement to supply the product

to the new Japanese company, Hokkaido

Electric Power, Inc. (See related article in this

issue.)

Also in 1996, the Congress of the Venezuelan

Republic approved the strategic association to

establish a joint venture for the production and

marketing of Orimulsion. The project includes

the commercial alliance of BITOR, Statoil of

Norway, Conoco of the United States and the

Venezuelan consortium Inversiones Jandis, to

construct a production and emulsification

module with a capacity of 5.2 million tons per

year.

The growth rate of Orimulsion production is

closely linked to the sales volumes which are

contracted on the international market and the

strategy to penetrate the world electricity sector.

With this guideline, the subsidiary BITOR plans

to increase Orimulsion exports to close to

14 million tons by the end of the decade and

32 million tons by the year 2006.

The market prospects for Orimulsion continue to

be reaffirmed with new trade negotiations with

countries in America, Europe and Asia. The

strategy of increasing production and exports

continues, as well as attracting the participation

of private capital. These plans are based on a

modem infrastructure of bitumen production,

manufacture storage and products shipment lo

cated in Monagas and Anzoategui states.

FOUNTAIN OIL OPERATING LOSS

INCREASES TO $3.9 MILLION FOR

6 MONTHS ENDING IN JUNE

Fountain Oil Inc. of Houston, Texas, is focused

on improved production from existing oil and

gas reserves. Fountain Oil uses modem

production methods and improved oil recovery

processes including the company's patented and

proprietary technology "Electrically Enhanced

Oil
Recovery"

(EEOR) for electric heating of
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heavy and paraffmic oils. Today the company
has ownership interests in fields in Ukraine,

Russia, Albania and Canada.

The company's short-term strategy is to focus

on the established projects with the view toward

bringing these fields into production in an

orderly and efficient manner.

Fountain Oil's financial statement for the first

6 months of 1997 reports an operating loss of

$3.9 million for the period ending June 30, 1997.

The losses are attributable primarily to the

company's share of the losses of its Eastern

European projects.

During the same period the company recorded

operating revenue of $109,660 primarily due to

a modest amount of oil production from the

Sylvan Lake oil field in Canada.

Fountain Oil holds a 60 percent interest in the

heavy oil field, Sylvan Lake in Canada. The

field produced an accumulative average of

50 barrels of oil per day from two wells during
the second quarter of 1997. At present,

production is about 70 barrels of oil per day.

The plan for the second half of 1997 is to drill a

new well in the field and to apply the EEOR

technology.

GOVERNMENT

BITUMEN AND SYNCRUDE LEAD

INCREASED HYDROCARBON OUTPUT IN

ALBERTA

Alberta's Energy Resources-1996 in Review,

published by the Alberta Energy and Utilities

Board, reports that Alberta, Canada energy

resource sectors increased total hydrocarbon

production by 2.1 percent from 1995 to 1996.

Once again, bitumen and synthetic crude oil led

with a 3.6 percent increase in production.

Oil sands drilling skyrocketed in 1996 to

2,149 wells, a doubling of the 1995 total and a

10-fold increase since 1994. The reasons for

this rapid rise in drilling included a sharp

increase in oil prices, lower costs of oil sands

production, and the gradual decline in

opportunities to discover light and medium

crude oil. The oil sands drilling total comprised

1,731 bitumen primary and commercial wells

and 418 evaluation and experimental wells.

Bitumen and synthetic crude oil production

reached record levels of 25.8 million cubic

meters in 1996 (see Figure 1). Bitumen produc

tion accounted for all of the gain, rising by
10.5 percent, while synthetic production was un

changed. Oil from oil sands now accounts for

nearly 31 percent of Alberta's total oil

production.

FIGURE 1

BITUMEN AND SYNTHETIC CRUDE OIL

(SCO) PRODUCTION
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In 1996 initial established reserves of crude

bitumen from deposits under active
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development increased slightly to 1,035 million

cubic meters. Of that total, 644 million cubic

meters were from surface-mineable projects and

391 million cubic meters from in situ schemes.

At year-end, the remaining established reserves

of crude bitumen from deposits under active

development were 360 million cubic meters for

mineable and 301 million for in situ projects.

TECHNOLOGY

WORLD'S LARGEST EXCAVATOR WILL BE

MINING OIL SANDS

The world's largest hydraulic excavator, the

RH400, will soon be mining Syncrude Canada's

oil sands. The excavator, manufactured by
Orenstein and Koppel (O&K), employs two en

gines, either water-cooled, Cummins diesel with

3,350 horsepower total output, or two equivalent

electric motors with 2,500 kilowatt power.. The

800-metric ton unit has a 42-cubic meter bucket

capacity.

The machine will join four draglines and four

bucketwheel reclaimers. The company, which

mines about 160 million metric tons per year oil

sands that yield some 76 million barrels per year

of light,
"sweet"

crude, is moving to a truck-

shovel operation, using large hydraulic ex

cavators.

Syncrude's expectation is that the RH400 will

load a 240-ton truck in three passes and a 320-

ton truck in four passes. O&K says that the ex

cavator has a cycle time of 30 seconds. On

average, O&K predicts that the RH400 will

produce over 5,000 metric tons per hour with an

availability over 90 percent. Under optimal cir

cumstances O&K projects a rate of 8,000 metric

tons per hour.

CLAY REACTIONS RESULT IN

PERMEABILITY DAMAGE DURING

THERMAL RECOVERY OF COLD LAKE

BITUMEN

There are abundant clay occurrences in the oil

sand reservoirs in the Clearwater Formation at

Cold Lake. It has been suggested that

hydrothermal reactions of the clay minerals may

cause permeability damage during thermal

recovery. To quantify such damage, two

hydrothermal corefloods were performed.

Z. Zhou, of the Alberta Research Council, et al.

described the results of the corefloods at the

48th Annual Technical Meeting of The

Petroleum Society in Calgary, Alberta, Canada,

in June.

In both corefloods, an initial decrease in per

meability occurred when the core was heated

from room temperature to 250C. This was ac

companied by increased fines production in the

effluent. After that initial decrease, there was a

period of permeability increase, followed by a

gradual decrease in permeability, as shown in

Figure 1 .

The initial decrease (the first period) in per

meability during and shortly after temperature

increase is likely due to mechanical crushing

and thermal expansion of the sands, say Zhou

et al. The notion that grain crushing increases

as temperature increases is substantiated by the

fact that more fines were produced and

permeability decrease was much more dramatic

in the first coreflood than in the second one.

The confirming stress in the first coreflood was

8 MPa and 4 MPa in the second one.

The increase in permeability right after the initial

permeability decrease may be due to the

dissolution of fines which were blocking pore-

throats. The fines produced during the period of

initial permeability decrease are elongated

crystals of berthierine composition, representing

fines in the oil sands. The fines produced

during the period of permeability increase, on

the other hand, are silica and silicate aggregates
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FIGURE 1

PERMEABILITY CHANGES IN COREFLOOD #1
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which morphologically resemble colloidal

precipitates.

Hydrothermal mineral reactions may be respon

sible for the gradual decrease in permeability
(the second period) after 4 Pore Volumes (PV)
of injected fluids. The experimental evidence

for this hypothesis is the shape of the

permeability-PV plot. The decrease in

permeability was gradual, consistent with the

gradual destruction of berthierine and growth of

Fe-saponite (the swelling clay) during the

coreflood. It can be further postulated that the

bulk of berthierine in the core had been reacted

out after 16 PV of fluid injected in the second

coreflood because permeability became stable

after 16 PV. The presence of Fe-saponite and

the absence of berthierine in the post-flood

sands is another evidence for the hypothesis

that mineral reactions may be responsible for

the permeability damage.

The injection of low salinity NaHCOyNaOH

solution did not decrease but slightly increased

the permeability. This may be due to increased

quartz dissolution as solution pH increased.

After 3 PV of fresh water were injected, further

permeability decrease (the third period) took

place. At this point (29 PV), the electrolyte con

centration became low. Fines migration and

clay swelling are both favored in low salinity
solutions. However, the response of the core to

the fresh water reverse flow indicates that
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osmotic clay swelling rather than fines migration

was responsible for the permeability damage.

The authors conclude that mineral reactions

were responsible for the gradual decrease of

permeability in both corefloods. In the second

coreflood, the permeability decrease was about

78 percent (from 270 to 60 millidarcy) of the

original permeability. This proved that

hydrothermal mineral reactions can significantly
alter the reservoir quality. Another important

observation is that geomechanical response of

the oil sands to heating is also damaging to

reservoir permeability. This is especially true

when the effective confining (overburden) stress
is high.

Under reservoir conditions, the permeability
damage related to heating and grain crushing
will depend on the stress conditions of the

reservoirs. The permeability damage related to

the swelling of Fe-saponite may be of limited

effect because it only takes place in dilute

solution. However, the permeability damage

related to hydrothermal mineral reactions will be

a major concern. In the available post-steam

cores, the evidence of hydrothermal reaction

was not strong. It is suggested that reaction

kinetics may be responsible for the apparent

discrepancy between laboratory results and field

observations. There is some evidence for

formation damage by berthierine fines.

Conclusion

In conclusion, the authors note that berthierine

decomposition and its impact on permeability

should be an important consideration in the ther

mal recovery of heavy oil and bitumen in the

Clearwater Formation at Cold Lake. Because

the rate of the hydrothermal reactions and the

associated formation damage can be

dramatically increased with temperature,

injection wells should not be placed in the

berthierine-rich zone. In steam flooding, near-

well permeability damage may occur in the

berthierine-rich oil sands. In the SAGD process,

berthierine-rich layers of oil sands may develop
into a barrier to rising steam.

CAN HEAVY OIL BE UPGRADED BY SIMPLY

FILTERING?

Heavy oils may be defined according to their

physical properties as having a density in the

range 1,000 to 934 kilograms per cubic meter

(10 to
20

API gravity) and a viscosity in the

range 100 to 10,000 millipascal seconds (mPa

s). Heavy oils also contain high concentrations

of heteroatoms (S, N/Ni and V) and

asphaltenes, and the residue fraction (boiling
point >525C) accounts for 10 to 70 weight

percent of the oil. These properties are

reflected in the difficulties associated with heavy
oil recovery and upgrading. The high density
and viscosity mean that a diluent must be added

before the oil can be pipelined, and the

asphaltenes agglomerate and deposit in process

equipment and contribute to coke formation

during hydroprocessing. The Ni and V,
associated primarily with the residue and

asphaltene fractions of the heavy oil, are

responsible for rapid deactivation of

hydroprocessing catalysts.

The ultrafiltration of Cold Lake heavy oil using

asymmetric, single-tube ceramic membranes

was investigated by A. Duong et al. of the

University of British Columbia as a method to

reduce the viscosity, asphaltene content and

metals content of heavy oil. The objective of

the study was to quantify membrane

performance for the ultrafiltration of a heavy oil

typical of Alberta, Canada. Membrane

performance was evaluated in terms of both flux

and separation, using ceramic membranes of

various pore sizes and operated over a range of

cross-flow velocities and temperatures. The

results were published in Fuel 1997, Volume 76,
Number 9, pages 821-828.

Permeate Flux and Asphaltene Retention

Membrane performance was evaluated in terms

of both permeate flux and membrane

selectivity. The asphaltene content of the

permeate and feed samples was correlated with

their density, viscosity and Ni and V contents.

Because determination of the asphaltene

content was relatively easy, membrane

selectivity reported in terms of asphaltene

THE SYNTHETIC FUELS REPORT. OCTOBER 1997

43



 



OIL SANDS

retention was a convenient means of indirectly
monitoring the reduction in density, viscosity
and Ni and V contents of the heavy oil.

A membrane having an average pore diameter

of 0.1 microns was operated at about 1 10C and

586 kPa transmembrane pressure for ap

proximately 8 hours. The permeate flux

decreased to <10 percent of the initial value

after about 6 hours on-stream, whereas the

asphaltene retention increased from 0.5 to

80 percent. It was concluded that the flux

decline and associated increase in asphaltene

retention were related to membrane fouling,
either by the presence of a gel layer or by a

pore-restriction mechanism.

The density and viscosity of the Cold Lake

heavy oil at 110C and 586 kPa were estimated

at 952 kilograms per cubic meter and 78 mPa s,

respectively. The initial mass flux was

668 kilograms per square meter per day.

Effect ofMembrane Pore Diameter on

Separation and Flux

The effect of decreasing membrane pore size

was investigated using membranes having
average pore diameters of 0.02 and

0.05 microns. The experiments were conducted

at a temperature of 110C, a cross-flow velocity

of 6.9 meters per second and transmembrane

pressures of 590 to 600 kPa. The permeate flux

as a function of time is summarized in Figure 1 .

In general, a decrease in the membrane pore

diameter resulted in an increase in the degree of

asphaltene retention and a decrease in the per

meate flux, and this trend was most pronounced

in the first 2 to 3 hours of the experiment. At

the End Of the Run (EOR) the effect of pore

size was less significant.

The decrease in permeate flux with time on

stream clearly reflects fouling of the membrane

say the authors. The fact that in the first few

hours of operation the asphaltene retention in

creased as the permeate flux decreased sug

gests that, at least initially, fouling occurred by a

pore-restriction mechanism, perhaps caused by
adsorption or deposition of the asphaltenes in

side the membrane pores.

FIGURE 1
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Effect of Cross-FlowVelocity

Increasing cross-flow velocity increases both the

mass transfer coefficient across the

concentration-polarization boundary layer and

the degree of mixing and agitation near the

membrane surface, thereby reducing both the

accumulation of a gel layer on the membrane

surface and the fouled membrane resistance.

The effect of cross-flow velocity on membrane

performance was examined. The insignificant

change in asphaltene retention observed over a

wide range of cross-flow velocities, togetherwith

the membrane pore size effects reported above,

suggest that the dominant mechanism of

asphaltene rejection was size exclusion from the

membrane pores rather than gel layer

resistance.

Effect of Temperature

The viscosity of the heavy oil can be decreased

by operation at high temperature. However, the
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components present in the asphaltene fraction

are temperature-sensitive. Hence the size of

the asphaltene macromolecules separated by
the ultrafiltration process may change with

temperature.

To investigate these effects, a series of experi

ments was carried out at temperatures between

80 and 160C. The data clearly show an almost

linear increase in the EOR flux from 35 to

60 kilograms per square meter per day as the

temperature increased.

Correlations of Permeate Properties with

Asphaltene Content

A high asphaltene retention (low asphaltene

content in the permeate) corresponded to large

reductions in density and viscosity, and a high

retention of Ni and V by the membrane.

For the range of conditions of the present study,

the maximum asphaltene retention obtained

was about 90 percent; the estimated permeate

viscosity at this level of asphaltene retention is

19 mPa s at 110C and the Ni and V contents

are 26 and 61 ppmw, respectively. Hence a sig
nificant reduction in these heavy oil properties

can be achieved by ultrafiltration, say

Duong et al.

The ultrafiltration of heavy oil is based on rejec

tion of macromolecular species most of which

can be classified as asphaltenes or n-pentane-

insolubles.

The study has shown that ultrafiltration achieves

up to 90 percent removal of the asphaltenes

from the Cold Lake heavy oil but that this occurs

at fluxes <100 kilograms per square meter per

day for the range of operating conditions

considered. Because the cost of ceramic

membranes is much higher than that of

polymer-based membranes, commercial

application of heavy oil ultrafiltration using

ceramic membranes will require higher

permeate fluxes to reduce the capital cost of

any large-scale operation.

INTERNATIONAL

ORIMULSION PRODUCTION EXCEEDS

4 MILLION TONS IN 1996

Bitumenes Orinoco (BITOR), the Petroleos de

Venezuela S.A. (PDVSA) subsidiary in charge

of producing and marketing Orimulsion, has

carved out a sizable and stable potential base

market for its trademark boiler fuel.

As reported in the PDVSA Contact Newsletter,

Number 51, May-June 1997, during 1996,
4.047 million tons of Orimulsion were manufac

tured, which represents an increase of

362,000 tons more than the previous year. Ex

ports amounted to 4.173 million tons, which is

613,000 tons more than 1995. Forecasted

projections for Orimulsion production for 1997

are 4.7 million tons per year.

Orimulsion, a stable emulsion of 70 percent

bitumen and 30 percent water and surfactants,

can be easily stored and fired like fuel oil.

Moreover, it is as competitively priced as such

boiler fuel staples as coal. With the emergence

of a more ecological-minded electricity-

producing sector, powerplants are increasingly

taking note of Orimulsion's environmental

record. Orimulsion complies with the most

severe environmental regulations when it is

burnt with conventional environmental control

equipment; it also produces less carbon dioxide

than coal.

European Market

Denmark's SK Power renewed this year its con

tract with BITOR for 1 .5 million tons. In the

United Kingdom, London-based BITOR Energy
Ltd. is awaiting governmental approval for the

conversion of National Power, a 2,000-

megawatt plant at Pembroke, in South Wales.

"With the investment of around 500 million

pounds in retrofitting and emissions control

equipment, Pembroke will be the cleanest

powerplant in the United Kingdom, compared to

coal and
fuel,"

E. Bueno of BITOR said.
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Substantial headway has been made in Italy as

well. Ente Nacional de Energia Electrica (ENEL)
and BITOR have initiated a trial run for utilizing

Orimulsion, in which ENEL will bum it at Brindi

Sur, a 4x660-megawatt plant. For the trial run

the plant will bum 500,000 tons this year.

BITOR forecasts that in the immediate future,
the plant will be burning about 2 to 3 million tons

per year of Orimulsion.

The PDVSA subsidiary will boost Orimulsion

supply to state-run Lithuania Power System for

its Elektranai power-generating plant to

200,000 tons per year. In 1996 some

100,000 tons were shipped to Lithuania.

According to the BITOR/Elektranai contract, the

ceiling amount for Orimulsion supply to the

power generating plant is for 500,000 tons per

year.

Far East Markets

In 1996 alone BITOR supplied China's industrial

sector with some 200,000 tons of Orimulsion

and will ship a further 600,000 to 1 million tons

this year for commercial trials. What makes the

China Oil-Orimulsion deal innovative is that the

Chinese are testing the fuel in industries in addi

tion to power generating plants. China Oil is

also exploring the option of joining BITOR in a

joint-venture scheme for the construction of a

module in the Orinoco Belt.

The module is used in separating gas, taking out

saline water, and adding diluents to raw

bitumen. The module is also the apparatus that

mixes natural bitumen and water. BITOR,
Conoco (United States), Statoil (Norway),
Jantesa (Venezuela) and Distral Termica (an

international company based in Andean Pact

nations) have agreed to invest and operate at

least one module to cover Florida Power and

Light requirements. Each module requires an

investment of around $300 million and has the

capacity to produce some 5 million tons per

year.

The joint MC-BITOR venture in the Far East is

making marked progress. Of BITOR's

Japanese clients, Kashima Kita Electric Power

Corporation is currently consuming

240,000 tons; Mitsubishi Chemical Corporation

and Kasei Electric Power Company Inc. some

200,000 tons; and Kansai Electric Power is

burning 230,000 tons. Projections for 1997 are

on the order of about 900,000 tons. In addition,

Hokkaido Electric Power Inc. has signed on for

an Orimulsion test-run and should move into

full-throttle operations utilizing some

120,000 tons per year in the near future.

BITOR is also looking at possible ventures in

the Indian market.

Production Goals

BITOR is looking to reach an annual production

rate of 20 million tons per year, a substantial in

crease from the current production rate of

4.7 million tons per year. To reach this produc

tion level, new emulsification facilities will be

built to supplement already existing ones in

Morichal, in Eastern Venezuela.

BITOR is working to improve bitumen tapping in

the Orinoco Belt and mixing techniques for the

trademark fuel to meet the often stringent en

vironmental standards of market countries.

BITOR has 200 wells in the Orinoco Belt tapping
some 50,000 barrels per day. By implementing
new technological advances in drilling, the

PDVSA subsidiary has not only assured greater

production capacity, but also a system that has

less impact on the environment and allows for

greater flexibility in drilling.

One recent innovation that has been imple

mented is vertical well drilling. BITOR is also

using 98 deviated wells grouped together in

12 clusters. Production in these wells runs be

tween 200 and 500 barrels per day. Its slant

well drilling system is divided up into seven

clusters, with production being on the order of

500 barrels per day. With its re-entry horizontal

well systems, some 22 wells have the

production capacity of 400 barrels per day. And

its horizontal well clusters are tapping some

1 ,000 barrels per day.

These production schemes not only allow for

BITOR to meet current supply demands, but
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also leave room for expansion as more long run, proven bitumen reserves in Cerro

international power generating companies move Negro are 2.281 billion barrels.

ahead in negotiations with the PDVSA

subsidiary. And as for Orimulsion supply in the ####
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PROJECT ACTIVITIES

GREAT PLAINS SIGNS CONTRACT FOR

SALE OF BYPRODUCT CARBON DIOXIDE

In July Dakota Gasification Company (DGC)
and PanCanadian Petroleum Limited signed a

contract for a C02 pipeline project, in which C02
from the Great Plains Synfuels Plant in North

Dakota will be pipelined 200 miles to an oil field

near Weybum, Saskatchewan, Canada. Pan-

Canadian estimates that injecting C02 will

produce an additional 122 million barrels of oil

from the 40-year old Weybum field. For DGC,
the contract will produce $35 million in added

revenue each year.

Under the contract PanCanadian has agreed to

purchase up to 95 million standard cubic feet

(mmscf) per day of C02 out of the 240 mmscf

available from the synfuels plant. Currently the

C02 is used as a low-heating value boiler fuel at
the plant, which gasifies lignite to produce

natural gas and valuable byproducts such as

agricultural fertilizers.

Preliminary work on engineering, pipeline rout

ing, route permitting and route easement have

been done. However, DGC still must obtain ap

proval from the state Public Service

Commission on its corridor and route

applications. Purchase of right-of-way
easements is under way. DGC is setting up a

Canadian subsidiary-Souris Valley Pipeline

Limited-to own and maintain the 35 miles of

pipeline in Canada. Souris Valley will be

applying this fall to Canada's National Energy
Board for approval of the pipeline route in Sas

katchewan.

Construction of a compressor facility at the syn
fuels plant will begin in the summer of 1998.

Pipeline construction will get under way in early

1999, although laying the pipeline under Lake

Sakakawea is expected to be done in the fall of

1998. Initial delivery of C02 is projected for the

fall of 1999.

DGC estimates it will cost more than

$100 million to build the pipeline and

compressor station. In addition to seeking

financial help from Basin Electric, DGC has

approached the United States Department of

Energy and North Dakota Lignite Research

Council for a portion of the capital needed for

the project.

SASOL OPERATING PROFIT SURGES TO

20 PERCENT

The Sasol Group's 1997 Annual Report, which

covers the year ending June 30, 1997, shows

highly satisfactory financial results despite a

cyclical downturn in the South African economy

which gathered momentum in the latter part of

1996. Operating profit increased by 21.4

percent to R3.900 million. (See Table 1
.)

Over the past 3 years Sasol's exports have

registered an average annual growth of

53 percent. During the year under review,

foreign sales increased by 22.4 percent to

R3.783 million compared with the previous year,

representing 23.9 percent of Group turnover.

Inclusive of import savings, Sasol's foreign

exchange earnings for the year exceeded

R12,000 million.

The Group expects to sustain capital investment

in real terms of about R3.000 million per year to

the end of this century. The value of approved

capital projects to broaden and further optimize

the operations of the main operating divisions

currently amounts to R3.500 million.

The focus remains on sustainable, long-term

growth. Opportunities to debottleneck plants

and improve production technology and produc

tion cost management systems will be exploited

on an ongoing basis.

Sasol Synthetic Fuels (Pty) Limited

Sasol Synthetic Fuels (Pty) Limited (SSF) con

verts coal into fuels and chemical feedstocks.
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TABLE 1

SASOL FINANCIAL HIGHLIGHTS

Turnover

Operating Profit

Profits Attributable to Shareholders

Wealth Created

Cash Generated by Operations

Dividends per Share

Earnings per Share

Net Asset Value per Share

*After tax equalization reserve transfer

Year Ended Year Ended Increase,

June 1997 June 1996 %

R1 5,810 million R13,545 million 16.7

R3.900 million R3.213 million 21.4

R2.548 million R2.076 million 22.7

R7.982 million R6.859 million 16.4

R4.900 million R4.508 million 8.7

147.0 cents 122.5 cents 20.0

421 .8 cents 349.8 cents 20.6

1 ,947.7 cents 1 ,670.9 cents 16.6

Based at Secunda, the SSF plant uses unique

Synthol technology which produces both fuels

and chemical components in a single process.

The range of fuels includes liquefied petroleum

gas, pipeline gas, petrol, diesel, illuminating

paraffin, power paraffin and furnace fuels.

Despite a major shutdown undertaken during the

year, total production remained the same as the

previous year.

The growth of 27.9 percent in operating profit

was mainly the result of higher international fuel

prices, the weakening of the rand against the

US dollar and a further reduction in operating

costs as a result of the transformation process.

These favorable factors were offset by the

statutory decrease in tariff protection on

synthetic fuels as a result of the phase-down of

the reference crude oil floor price from an

average of US$20.20 per barrel for the

1995/1996 financial year to US$18 per barrel.

Favorable crude oil prices resulted in SSF being
afforded tariff protection to a total value of only

R76 million.

Fuel sales as a proportion of total sales

decreased from 75 to 72 percent. Sales of

feed-streams to the petrochemical industry
increased by 3 percentage points to 18 percent

and those to the fertilizer, explosives and

carbon coke industries remained the same at

10 percent. The production of synthetic fuels

decreased by 2 percent to 4.7 million tons

mainly as a result of further extraction of

chemical components from the intermediate

feed-streams.

The drive to improve and sustain international

competitiveness is supported by an intensive in

vestment program which focuses on growth.

The approved investment program of

R2.4 billion can be summarized as follows:

Replacement of existing Synthol reactors

by new Sasol Advanced Synthol (SAS)
reactors (R1.010 million)

Improvements to methane gas reforming

(R96 million)

Production expansion (R300 million)
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Plant integrity improvements (R144 mil

lion)

Unleaded petrol (R1 89 million)

Renovation of oxygen units (R372 mil

lion)

Miscellaneous projects to improve

production facilities, increase energy ef

ficiency, improve safety standards,

reduce atmospheric emissions and im

prove water usage at SSF (R312 million)

Production levels are expected to be only

slightly higher in the new financial year, but

most of the major expansion and improvement

projects will only start affecting production

positively during 1998/1999.

Sasol Chemical Industries Limited

Sasol Chemical Industries Limited (SCI)
produces and markets more than 120 chemical

products from feedstocks purchased from SSF

at Secunda and from the beneficiation of coal at

Sasolburg. Its main products manufactured in

Sasolburg include ammonia, creosote, industrial

pipeline gas, methanol, methyl isobutyl ketone,

solvents, phenol, cresols, mining chemicals,

hydrogen, paraffins, nitric acid, ammonium

nitrate and waxes.

Sasol Fertilizers produces and markets phos

phoric acid, a wide range of granular and liquid

fertilizers and fertilizer ingredients. Sasol

Mining Explosives is responsible for producing

and marketing a range of mining explosives and

explosives accessories as well as raw materials

for explosives.

Despite continued softening of international

chemical prices in highly competitive global

markets, SCI's operating profit increased by
24.6 percent to R1.139 million.

Satisfactory profit growth was achieved by the

Ammonia, Fertilizer, Carbo-Tar, Industrial Gas,
Alpha Olefins, Phenols and Mining Explosives

divisions. All these divisions benefited from in

creased volumes and higher rand selling prices.

Sasol Solvents recorded a decrease in

operating profit despite higher sales volumes.

This was mainly due to a substantial reduction

in the international price of acetone, its highest

volume product. An increase in international oil

prices led to a significant increase in the prices

of feedstocks purchased from SSF. The new

methyl isobutyl ketone and propanol plants com

pleted their first full year of production.

It is expected that the prices of certain com

modity chemicals will fall during the next year.

This particularly applies to ammonia, ethylene

and polymers. The lower ammonia prices

should, however, benefit Sasol Fertilizers and

Sasol Mining Explosives.

The stabilization of international acetone prices,

the recent commissioning of the new acetic and

propionic acid plants and the elimination of

initial mechanical and process problems at the

acrylonitrile plant, should allow another year of

satisfactory profit growth for SCI.

Synthesis Gas Division - The Synthesis Gas

division at Sasolburg converts coal to synthesis

gas for the production of ammonia, waxes,

various chemicals and pipeline gas. The

division is also the primary supplier of nitrogen

which is used for the production of ammonia.

The turnover of the division increased by
9.3 percent to R562 million as a result of higher

synthesis gas prices and increased production

volumes.

The contract with Air Products pic of the United

Kingdom to replace the oxygen plant with a

more cost-effective unit has already led to a

reduction in costs through reduced maintenance

expenditure on the existing plant.

Sasol Phenolics - Sasol Phenolics produces

and markets a range of phenolic products

including phenol, ortho-cresol, meta-cresol and

para-cresol, from low-grade tar acids derived

from the coal gasification process. More than
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80 percent of the division's production is

exported to 40 countries throughout the world.

Phenolic products find application in anti

oxidants, agrochemicals, pharmaceuticals,

electronic components, resins and the electrical

and construction industries.

The turnover of Sasol Phenolics increased by
25.1 percent to R236 million due to an increase

in cresol sales and higher phenol prices.

The installation of additional, improved process

control instrumentation during the year con

tributed to the performance optimization of in

dividual process units in the plant and resulted

in improved product yields and higher

throughputs.

Sasol Mining Explosives - In just 13 years

Sasol Mining Explosives has grown from a

venture established to add value to the

ammonia produced by SSF to a world-scale

explosives company with an annual turnover in

excess of R400 million.

The turnover of Sasol Mining Explosives in

creased by 18.8 percent to R448 million.

Sasol Fertilizer - Worldwide fertilizer consump

tion continued to show significant growth during
the year with nitrogenous fertilizer consumption

and phosphate consumption growing by 4.2 and

2.5 percent, respectively.

After high rainfall during the 1995/1996 season,

South African fertilizer consumption increased

by 8.6 percent in 1996. This increase, together

with strong demand in Southern Africa and

higher world prices, resulted in a record year for

Sasol Fertilizers. Turnover increased by
14.2 percent to R834 million.

Sasol Ammonia - The turnover of the Ammonia

division increased by 20.2 percent to

R615 million. It included sales of R311 million

on behalf of SSF.

During May 1997 an ammonia expansion

project at Sasolburg was successfully

commissioned which increased nominal

production capacity by a further 14 percent.

Production costs at the Sasolburg plant

increased by only 0.9 percent despite the higher

production level.

International ammonia prices have decreased

by 39 percent since December 1996.

Sasol Solvents - Sasol Solvents produces and

markets a range of solvents and related

products which consist of 15 commodity

products as well as solvent and ethanol blends.

The turnover of the Solvents division increased

by 3.4 percent to R660 million. The increase in

turnover was lower than expected, mainly as a

result of a substantial weakening in international

commodity solvent prices. Acetone, which con

stitutes more than 30 percent of Sasol
Solvents'

sales volume, was affected most by an average

fob price decline of 36 percent. The lower

prices for commodity solvents are expected to

persist in the foreseeable future.

In the new financial year growth will be

supported by the production of acids, the

commissioning of the first phase of the chemical

work-up debottlenecking project and the

expansion of aromatic solvent capacity.

Sasol Akrylo - Sasol Akrylo converts ammonia

and propylene into value-added acrylonitrile.

The turnover of the Akrylo division increased by
R177 million to R181 million.

The production capacity of the plant will be in

creased by 25 percent through upgrading of the

present catalyst system to the latest available

technology.

Sasol Mining Chemicals - Sasol Mining
Chemicals produces and markets a range of

collector and frother chemicals for application in

the flotation plants of mines.

Sasol Mining Chemicals has during the year

been structured independently from Sasol

Solvents to become a specialized business

division. The turnover of this new division

increased by 42 percent to R19 million.

THE SYNTHETIC FUELS REPORT. OCTOBER 1997

51



 



COAL

Sasol Mining Chemicals successfully commis

sioned a dithiophosphate manufacturing plant

and a frother blending plant at Sasolburg during
November 1996. These facilities will enable the

division to maintain growth well into the future.

Sasol Alpha Olefins - Sasol Alpha Olefins is

responsible for the purification and marketing of

the various alpha olefin compounds produced in

the synthetic fuels plant in Secunda.

The turnover generated by the division

increased by 92 percent to R212 million. Prices

improved marginally over the preceding year,

but major revenue gains came from increased

volumes.

The hexene-1 plant produced about 60,000 tons

and the quality is still considered the best in the

world. This production represented 120 percent

of design capacity and amounted to an increase

of nearly 50 percent. The production of

pentene-1 was limited by market demand.

A project to increase the production capacity of

high-quality hexene-1 to 11 0,000 tons per year

will be completed toward the end of 1997.

The octene-1 market will be entered with a first-

phase plant to separate and purify 50,000 tons

per year of octene-1
,
scheduled for commission

ing early in 1999. An agreement has been con

cluded with Dow Chemical Company in the

United States to purchase the entire output of

this phase.

Sasol Carbo-Tar - Sasol Carbo-Tar adds value

to a range of low-value residues which emanate

from the coal gasification and Fischer-Tropsch

processes by manufacturing various high-quality
carbon and tar products. Included in the range

of products are Soderberg anode coke,
medium- and low-sulfur recarburisers, carbon

reductant, wood preservation creosotes,

disinfectants, absorption oil and pitch.

The turnover of Sasol Carbo-Tar increased by
41 percent to R21 1 million.

Production capacity at the division's plants was

optimized without any additional investment.

The capacity of the delayed-coker unit was

increased by 15 and 35 percent, respectively,

for its two different feedstreams.

Sasol Synfuels International

Sasol Synfuels International (SSI) was estab

lished during the year as the business division

responsible for the development and manage

ment of the Sasol Group's international business

interests based on the application of Sasol's

Fischer-Tropsch synthesis technology and ex

pertise.

Sasol has operated two coal-based Fischer-

Tropsch processes for more than 40 years and

has significantly advanced the reactor systems

for these processes over the past 6 years. SSI's

initial focus is On the international application of

an advanced version of one of these processes,

the Sasol Slurry Phase Distillate process.

A Memorandum of Understanding has been

signed with the Qatar General Petroleum Cor

poration (QGPC)-the national oil company of

Qatar-and Phillips Petroleum Company of the

United States regarding a potential project

based on Sasol's Slurry Phase Distillate process

technology. Pending the results of a feasibility

study, this project will make use of Sasol's

commercially proven synthesis technology to

convert natural gas in Qatar into naphtha and

high-quality, environment-friendly diesel fuel.

The project is planned to have an initial

production rate of 20,000 barrels per day of

diesel fuel. There is considerable potential for

future capacity expansion due to the large

reserves of natural gas in Qatar.

Sasol and Statoil are proceeding with the

development of a concept for a floating Fischer-

Tropsch conversion plant. These plants would

be placed on ships or offshore production plat

forms used for oil and gas production and would

convert natural gas to synthetic crude oil.

There has been a surge of interest in Sasol's

Fischer-Tropsch gas conversion technology
which is indicative of an increasing need for

clean-buming fuels and the imperative to find

economic uses for the world's abundant natural
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gas resources. With its experience in the

design and operation of such facilities, Sasol is

well-placed to exploit these opportunities

internationally.

SYNCOAL CELEBRATES ONE-MILLION-TON

MARK

In June the Rosebud SynCoal Partnership's Ad

vanced Coal Conversion Process Clean Coal

Technology Demonstration facility in Colstrip,

Montana, held a one-million-ton SynCoal

production celebration. According to Clean Coal

Today, the one-million-ton milestone was

accomplished with no lost time accidents in well

over 300,000 man hours.

The project has been a major boost to local and

regional economies, producing over $8.5 million

in wages, $2 million in production taxes,
$18 million in materials and supplies purchases,

and $40 million in construction costs.

The plant uses the patented SynCoal

technology to improve the heating quality of

low-rank coals, primarily for utility boiler

applications, but the product has other industrial

uses as well, especially in cement,

manufacturing and metallurgical processes.

The plant's first production was in April 1992;
commercial operations began in August 1993.

PFBC PILOT PLANT UNDER

CONSTRUCTION

Construction is well under way on Foster

Wheeler's advanced Pressurized Fluidized-Bed

Combustion (PFBC) pilot-scale system at the

Power Systems Development Facility (PSDF),
located at Southern Company

Services'

Clean

Coal Research Center near Wilsonville,
Alabama. Simple cycle operations are expected

late this year on the system, which incorporates

a coal-derived, fuel gas-fired topping
combustor.

The PSDF incorporates a number of related

pilot-scale projects at a single site and greatly

reduces capital and operating costs compared

to individual stand-alone facilities. In 1998

efforts will focus on establishing stable operation

of the advanced PFBC pilot plant as well as on

operations of the transport reactor system and

hot gas Particulate Control Devices (PCDs) to

support the Integrated Gasification Combined-

Cycle (IGCC) program.

The United States Department of Energy has in

vested $125 million in the facility to date, with

industry sharing some 20 percent of project

costs. Southern Company Services Inc. is the

PSDF prime contractor. Other team members

are: M.W. Kellogg (transport reactor), Foster

Wheeler (advanced pressurized fluidized-bed

combustion system), Southern Research

Institute (gas stream sampling probes),

Combustion Power Corporation (moving
granular bed filter), Industrial Filter and Pump
(candle filter system) and the Electric Power

Research Institute (technical expertise and cost

sharing).

Foster Wheeler's second generation PFBC uses

a fluidized-bed carbonizer to partially convert

coal to a fuel gas. The remaining char is com

busted in a circulating PFBC. The coal feed

rate to the carbonizer is 5,500 pounds per hour.

The hot gases coming off the carbonizer and

PFBC are cleaned by different PCDs, and then

they go to a topping combustor. High-

temperature exhaust gases from the topping
combustor will be used in a commercial process

to power an advanced gas turbine with a high-

firing temperature to improve overall system

efficiency.

ENCOAL PROJECT REVIEWED

The ENCOAL Liquids From Coal (LFC) process

being demonstrated in Wyoming was developed

by SMC Mining Company and SGI International

(SGI) of La Jolla, California. The project was

funded in part by the United States Department

of Energy (DOE) under Round III of the Clean
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Coal Technology Program (CCT). DOE has

contributed about $45 million (50 percent) of the

$91 million demonstration project, with the

remainder provided by ENCOAL.

The process, which incorporates mild coal

gasification, upgrades low-sulfur, low-rank

Western Coals to two new fuels, Process

Derived Fuel (PDF) and Coal Derived Liquid

(CDL).

Specification PDF is a stable, low-sulfur, high-

BTU fuel similar in composition and handling
properties to bituminous coal. CDL is a low-

sulfur industrial fuel oil that can potentially be

upgraded for chemical feedstock or transporta

tion fuels. These alternative fuel sources were

intended to significantly lower current sulfur

emissions at industrial and utility boiler sites and

reduce pollutants that are acid rain precursors.

The process has been demonstrated for about

5 years at a test facility near Gillette, Wyoming.

At this plant, which is rated at 1 ,000 tons per

day of coal feed, over 83,000 tons of

specification solid fuel product and 4.9 million

gallons of liquid product have been produced.

LFC Process Description

The LFC process is outlined in Figure 1 .

Powder River Basin coals normally have

moisture contents of 25 to 32 percent, with

heating value ranging from 8,200 BTU per

pound to 9,200 BTU per pound. The LFC

process first dries the mined coal to nearly zero

moisture. The dried coal is then mildly

pyrolyzed under carefully controlled conditions,

and about 60 percent of the original volatile

matter and a portion of the sulfur are removed.

The solids then flow to a Vibrating Fluidized Bed

reactor (VFB) for treatment to deactivate the

coal, or reduce the coal's tendency to

spontaneously ignite.

Volatile matter driven off during the pyrolysis is

partially condensed in a multiple-step process

that produces the hydrocarbon CDL. The non-

condensed hydrocarbon is returned to the

process combustor as a heat source for the

drying and pyrolysis steps.

In the VFB the PDF is slightly oxidized at low

temperatures and then transferred to a surge

bin. Because the solids have no surface

moisture, they require the addition of MK, a dust

suppressant patented by SMC Mining Company.

Test Bums

Commercialization of PDF took a major step

forward in 1994, when ENCOAL shipped six

trains of product to two customers. ENCOAL

met all its goals for these first shipments: to

demonstrate its ability to coordinate with the

Buckskin Mine in loading and shipping

consistent blends, to ship PDF with dust

generation comparable to or less than that from

ROM Buckskin coal, and to ship PDF blends

that were stable with respect to self heating.

Test bum shipments from ENCOAL became in

ternational when Japan's Electric Power

Development Company (EPDC) evaluated

6 metric tons of PDF in 1994. The EPDC, which

must approve all fuels being considered for

electric power generation in Japan, found PDF

acceptable for use in Japanese utility boilers.

ENCOAL began shipping unit trains of

100 percent PDF for the first time in 1996, suc

cessfully using its MK additive as a car-topper

instead of ROM coal. By the end of October,

two 100 percent PDF unit trains were delivered

to two separate utilities for test bums. Blends

tested ranged between 70 and 90 percent PDF,

and bum results indicated that even with one

pulverizer out of service, the unit capacity was

increased significantly relative to the base

blend. More importantly, there was at least a

20 percent NOx reduction due to a more stable

flame.

By the conclusion of DOE involvement in the

ENCOAL project in July 1997, 247,000 tons of

coal had been processed into PDF and CDL.

Over 83,000 tons of specification PDF had been

shipped to seven customers in six states, as

well as 203 tank cars of CDL to eight customers

in seven states.
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FIGURE 1

LFC PROCESS FLOW DIAGRAM

Cydorw

ToTruck Loadout

Alternative Coal Testing

In addition to Buckskin coal, ENCOAL tested

North Rochelle Mine subbituminous coal and

Wyodak coal. High ash content in the North

Rochelle Mine coal limited increases in heating

value, the fines rate was doubled and the CDL

yield was lower than predicted.

The Black Hills Corporation conducted a test

bum of a mixture of Wyodak PDF fines and

ROM coal. Results from the tests will be

analyzed and used to determine the viability of

a commercial plant sited at theWyodak Mine.

Alaskan subbituminous, North Dakota lignite

and Texas lignites have also been laboratory
tested.

Based upon successful laboratory screening of

Knife River lignites ENCOAL believes that

lignite is an acceptable candidate for LFC

processing.

Commercial Plant Design

Using the process concepts developed at the

demonstration plant, ENCOAL has prepared a

plant design and economic evaluation of a com

mercial plant, located at the North Rochelle

Mine site near Gillette. This work involved the

participation of Mitsubishi Heavy Industries

(MHI). The commercial plant concept consists

of three 5,000-metric ton per day parallel

modules with a total capacity of 15,000 metric

tons per day of raw coal feed. For this plant, the

total capital requirement is estimated to be
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$475 million. PDF product prices are based on

the competitive BTU value of equivalent

bituminous coal in the Midwest market. CDL

product prices are based on the average

netback for a mixture of transportation fuels,
chemical feedstocks and industrial fuel oil.

Based on these assumptions and an operating
cost of $10.00 per ton of feedstock, the internal

rate of return is in the 15 to 17 percent range.

Similar studies have been prepared for two

proposed international projects involving In

donesian coal mines. MHI and Mitsui SRC of

Japan are working with TEK-KOL on continuing
commercialization efforts in Indonesia and other

Pacific Rim countries.

China's Ministry of Coal Industry has expressed
keen interest in the LFC technology, and TEK-

KOL's representatives continue to cultivate

market potential in that country.

Developments in Russia have included the

completion of a study which indicated that the

coals tested were suitable for LFC upgrading.

Work on a follow-up study has been approved

by the Russian Government and private

participants.

In the United States, potential applications exist

in Alaska, North Dakota and Texas.

Market for PDF

The United States electric utility market is

clearly the largest market for PDF, but a

growing market for non-coking metallurgical

coals offers an opportunity for higher product

prices.

As high costs and environmental problems con

tinue to cause shutdown of coke ovens, the

steel industry is replacing coke in blast furnaces

with pulverized coal. PDF may prove to be a

viable fuel for this purpose. In addition, PDF

could be an ideal source of carbon in the direct

reduction of iron to produce steel.

Markets for CDL

The physical characteristics of CDL such as

pour point, heating value, flash point, viscosity

and gravity are within the range of acceptability
for many residual oil markets, and the product

has been tested successfully as an injectant fuel

in a blast furnace. However, a market

evaluation has indicated the need to upgrade

CDL for increased profitability. The commercial

plant design includes an upgrading process to

produce petroleum refinery feedstock,
oxygenated distillates and residual fuels.

Hydrogenation testing was started in 1997 as

part of this study.

OngoingWork

As discussed previously, a VFB reactor has

been incorporated in the LFC process to

achieve product stability. A variety of finishing
techniques also have been studied, including

laying the PDF on the ground outside the plant.

This process, which came to be known as "pile
layering,"

involved spreading the PDF in 12-inch

thick layers, allowing PDF particles to react with

oxygen in the air and become stable. As each

thickness was stabilized, more PDF could be

layered.

A Pilot Air Stabilization System (PASS) was

completed in November 1995, and the unit

operated through January 1996. PASS testing
was successful: the PASS unit processed 0.5 to

1 .0 ton of solids per hour, 24 hours a day, for

2.5 months. Even more important, PDF was

formed for the first time into stable,

uncompacted piles without ground stabilization

techniques.

The data obtained were used to develop
specifications and design requirements for a

full-scale, in-plant PDF finishing unit. As part of

the commercialization effort, these data were

scaled up for application to a larger plant. Work

on the finishing step is now outside the scope of

DOE involvement and is being jointly addressed

by several companies with common interests.
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SYNCOAL PROJECT REVIEWED

The Advanced Coal Conversion Process

(ACCP) involves thermal upgrading with hot

combustion gas, followed by physical cleaning

to separate ash. The process has been

developed by the Rosebud SynCoal Partnership

(RSCP) as part of Round I of the United States

Department of Energy's (DOE) Clean Coal

Technology Program (CCT). DOE has

contributed about $43 million (41 percent) to the

$105 million demonstration project, with the

remainder provided by RSCP. The process has

been demonstrated at a test facility near

Colstrip, Montana, which has operated for about

5 years. Rated at 1 ,500 tons per day of coal

feed, this plant has processed nearly 1 .6 million

tons of raw coal, yielding over 1 million tons of

product coal.

ACCP Process Description

SynCoal is a high quality product with less than

5 percent moisture, sulfur content of about

0.6 percent, ash content of about 9 percent, and

a heating value of about 1 1 ,800 BTU per pound.

The SynCoal ACCP consists of three major

steps: thermal treatment in an inert

atmosphere, inert gas cooling of the hot coal

and cleaning. The thermal upgrading removes

chemically bound water, carboxyl groups and

volatile sulfur compounds. The cleaning step

separates the pyrite-rich ash, thereby reducing

the sulfur content of the product. Each ton of

raw Rosebud subbituminous coal produces

about two-thirds ton of SynCoal.

The process is outlined in Figure 1 .

Initial operations began in April 1992 and by
August 1993 the demonstration facility reached

full production capability. Three different

feedstocks were trucked to and tested at the

facility in 1993 and early 1994. In 1994 several

test bum programs were conducted in both

utility and industrial applications and three

regular customers were established. The

demonstration facility started focusing

increasing amounts of attention on process

improvements and operating cost reductions.

Since 1995 an additional focus has been the

development of commercial markets.

Through June 1997, 1.6 million tons of raw coal

have been processed and over 1 million tons of

SynCoal have been produced. Total shipments

of SynCoal products have exceeded

950,000 tons. The plant has consistently

operated at over 100 percent of its design

capacity and at its target 75 percent availability.

The demonstration facility is expected to

operate through June 1998 under the

Cooperative Agreement.

Process Improvements

Since the initial startup a wide variety of

additives and application techniques were tested

in an effort to reduce dustiness and

spontaneous combustion of the dry product.

This work led to the development of stabilization

process concepts (patents pending) which were

successfully piloted at a 1,000-pound per hour

scale. A plant modification was designed, but

has not been installed due to the high retrofit

costs. The next generation plant is expected to

incorporate the stabilization process technology.

Test Bums-Utility Applications

A SynCoal test bum was conducted at the 160-

megawatt J.E. Corette plant in Billings,

Montana. A total of 204,000 tons of SynCoal

was burned between mid-1992 and April 1996.

Overall, the results indicate that a 50 percent

SynCoal/raw-coal blend provides improved

performance, with S02 emissions reduced by
21 percent at normal operating loads, and no

noticeable impact on NOx emissions.

In addition, the use of SynCoal permitted des-

lagging the boiler at full load, thereby

eliminating costly ash shedding operations.

This also provided reduced gas flow resistance

in the boiler and convection passage, thereby

reducing fan horsepower and improving heat

transfer in the boiler area, resulting in an

increase in net power generation of about

3 megawatts.
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FIGURE 1

ACCP PROCESS FLOW DIAGRAM
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Deliveries of SynCoal are now being sent to

Colstrip Units 1 and 2 in Colstrip, Montana.

Testing has begun on the use of SynCoal in

these twin 320-megawatt pulverized coal-fired

plants. The results of these tests will provide

information on boiler efficiency, power output,

and air emissions. A total of 158,000 tons have

been consumed to date.

Center, North Dakota, lignite, Knife River lignite
and AMAX subbituminous coal have also been

processed at the ACCP demonstration facility.

Approximately 190 tons ofthe upgraded Center,
North Dakota, lignite were burned in the

Milton R. Young Power Station Unit #1
, located

near Center. This initial test showed dramatic

improvement in cyclone combustion, improved

slag tapping and a 13 percent reduction in boiler

air flow, reducing the auxiliary power loads on

the forced draft and induced draft fans. In addi

tion, the boiler efficiency increased from 82 to

over 86 percent and the total gross heat rate im

proved by 123 BTU per kilowatt-hour.

Test Bums-Industry Applications

A total of about 190,000 tons have been

delivered to several industrial cement and lime

plants since 1993. They have found that

SynCoal improves both capacity and product

quality in their direct-fired kiln applications,

because the steady flame produced by SynCoal
appears to allow tighter process control and

improved process optimization.

A bentonite producer has been using SynCoal

as an additive in greensand molding product for

use in the foundry industry, having purchased

about 37,500 tons. They have found SynCoal to

be a consistent product, allowing their

greensand binder customers to reduce the

quantity of additives used and improving the

quality of the metal castings produced.
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Commercial Plant Design

Western SynCoal Company has aggressively
pursued construction of a $37.5 million lignite-

based commercial plant at Minnkota's Milton R.

Young Power Station. However, in April 1997

the project was suspended due to a lack of

equity investors.

Minnkota owns and operates the 250-megawatt

Unit #1 at the Young Station, and operates the

438-megawatt Unit #2 which is owned by
Square Butte Electric Cooperative of Grand

Forks, North Dakota. This power station is

already one of the lowest cost electric

generating plants in the nation; however, with

the use of SynCoal the operations of the plant

could further improve.

The commercial plant is designed to produce

400,000 tons per year of SynCoal, which would

be fed to the boiler. The reduced slagging and

fouling would improve generating plant main

tenance and allow potentially longer runs be

tween downtimes, as well as boosting the lignite

heating value by 60 percent.

RSCP has been actively marketing and promot

ing the SynCoal technology worldwide, working

closely with a Japanese equipment and technol

ogy company to expand into Asian markets.

Prospects are also being pursued in Europe.

OngoingWork

Additional development is required to improve

two unfavorable product characteristics: spon

taneous combustion and dusting. In addition,

further market development and customer

education are needed to position SynCoal in the

proper market niches and to overcome natural

resistance to a new product.

In January 1995 a cooperative research project

was initiated to determine the effects of different

processing environments and treatments on

low-rank coal composition and structure.

Specific objectives are (1) to elucidate the

causes of spontaneous heating of upgraded

coals and to develop preventive measures and

(2) to study the explosibility and flammability

limits of dust from the process. Other par

ticipants in this study are the AMAX Coal Com

pany and ENCOAL, who have also experienced

the same effects on their upgraded

products.

Due to the handling issues, RSCP has taken a

three-pronged approach to satisfying customer

needs for a safe, effective way to handle Syn

Coal:

Employing dust stabilization enhance

ment treatment, which allows conven

tional bulk handling for a short period

(about 1 week) but does degrade the

product heat content.

Using contained storage and transporta

tion systems with pneumatic or minimal-

exposure transfer devices.

Developing a stabilization process step.

These approaches should allow SynCoal to be

tested in some more novel applications such as

blast furnace injection systems and electric arc

furnace reducing agents.

CORPORATIONS

IEA COAL RESEARCH OUTLINES 1997-1998

PROGRAM

In addition to reviewing the last year's results,

the International Energy Agency (IEA) Coal

Research-The Clean Coal Centre 1996-1997

AnnualReport outlines the 1 997-1 998 program.

Review of the Year

Markets for Coal - Continuing its series which

looks at the important regions of the world with

respect to coal production and use, IEA Coal

Research published a report on the prospects

for coal in Russia. The major and profound

economic reforms associated with the transfor-
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mation from central planning to a more market

led economy have caused serious

repercussions in the energy sector. While coal

output has declined, Russia remains a major

coal producer.

IEA Coal Research also reported on the market

issues surrounding the sulfur content of coal.

The overall quantity and composition of sulfur

found in a particular coal is one of the most im

portant determinants of the marketability of that

coal. Consequently, for many years there was a

price premium for low-sulfur coals. However,

the growing supply of cheap, low-sulfur coal is

changing the picture.

Coal Mining - A review of the ventilation and

gas drainage practices developed in various

countries to facilitate the working not only of

gassy seams but also those prone to instan

taneous outbursts of gas and coal or rock, was

published. There is considerable scope for im

proving gas control in underground coal mines,

particularly in the non-OECD countries where

the frequency and severity of gas-related

incidents are unacceptably high.

Coal Properties - A report on chlorine in coal

was published during the year. Whether

chlorine is a prime cause of boiler corrosion

remains a subject of debate, although there is

less doubt that it can be a factor in superheater

and reheater corrosion.

The effects of coal quality on the design, perfor

mance and availability of advanced electric

power generating systems, such as supercritical

pulverized coal-fired boilers, fluidized-bed com

bustors and integrated gasification combined

cycles, were investigated in a separate report.

Power Generation - IEA Coal Research

publications addressed issues such as trends in

power station building in the OECD during the

1990s, the rate at which the capital stock of

power stations is replaced, improvements to

existing power stations to meet future emission

standards, the cofiring of coal with waste and

modeling the complex combustion process in

utility-scale boilers.

The development of the IEA Coal Research

database of coal-fired power stations and their

emission control equipment continued with the

publication of CoalPower 2 on CD-ROM.

Controlling Emissions and Using Residues -

A review of recent developments in abating and

controlling nitrogen oxide emissions was com

pleted during the year as were two reports on

the solid residues produced from generating

power from coal. One addressed the

requirements for the use of pulverized coal ash

and the second reported on the residues from

advanced coal-use technologies.

The Program for 1997-1998

Markets for Coal - Coal is India's main energy

source for power production and is used to gen

erate over two-thirds of the country's electricity.

With energy demand growing, IEA Coal

Research will report on the need to increase in

digenous coal production to meet growing power

requirements. Coal prospects in the countries

of Eastern Europe will also be reviewed.

Globally, independent power production is

becoming more important as private sector

involvement in the electricity supply industry
increases. The prospects for coal-fired

independent power projects will be examined.

Coal Mining - The report on gas control in un

derground coal mines will be complemented by
a summary of mine rescue and emergency

support technologies. A comparative study of

coal licensing and production tax regimes in

selected countries will also be conducted.

Power Generation - Two detailed reports on

coprocessing coal with waste and on the practi

cal experience of cofiring coal with waste will be

completed.

The report on recent trends in power station

building in the OECD countries will be followed

up by examining what is happening in the non-

OECD countries, particularly in Asia.

Other areas of study will include the

competitiveness of future coal-fired units in
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different countries, the use of low-value coals,

predicting NOx burners, the use of natural gas in

coal-fired boilers and the use of coal cleaning

wastes. A database of clean coal technology
experimental and demonstration plants will be

established.

Environment - Signatories to the United

Nations Framework Convention on Climate

Change will discuss targets to reduce

greenhouse gas emissions at the Third

Conference of Parties (COP3) in Kyoto, Japan,

early in December 1997. Three studies which

will provide a useful briefing for the meeting are
slated for publication: Greenhouse gas

emission factors for coal-the complete fuel

cycle; International greenhouse gas emissions

trading; and Climatic changethe science in the

1990s.

Also planned for 1997-1998 are reports on NOx
emissions from coal use, low-cost retrofit fluid

gas desulfurization systems, air pollution control

for coal-fired power generation in South and

East Asia and hot gas particulate filtration. A

report on continuous emissions monitoring will

benefit from information presented at The Clean

Coal Centre's successful workshop on this topic

held in April 1997. Finally, handbooks on

emission standards and particulate control

systems will be published. The handbook on

emissions standards will include a CD-ROM of

detailed searchable information.

ENERGY POLICY AND FORECASTS

OPPORTUNITIES NOTED FOR EARLY

COMMERCIALIZATION OF INDIRECT

UQUEFACTION

D. Gray and G. Tomlinson of Mitretek

discussed the opportunities for indirect coal

liquefaction at the 213th American Chemical

Society National Meeting held in San Francisco,

California, in April.

It is estimated that continued research and

development in indirect coal liquefaction can

reduce the cost of coal-derived fuels from

$34 per barrel to about $27 per barrel for a

grass-roots stand-alone coal liquefaction facility,

say Gray and Tomlinson. However, there is the

opportunity to deploy indirect liquefaction plants

at existing facilities, for example petroleum

refineries and Integrated Gasification

Combined-Cycle (IGCC) facilities, and greatly

reduce costs. These plants integrated with

existing facilities are called "entrance
plants"

and preliminary economic analysis has shown

that they can be competitive with crude at

around $19 to $23 per barrel. These "entrance
plants"

present an opportunity for the early

commercialization of coal liquefaction. They
also provide a technology bridge to the eventual

deployment of stand-alone coal liquefaction

facilities.

Small-scale commercial demonstration plants,

or "pioneer
plants,"

will be necessary to reduce

technical and economic risks and allow

"entrance
plants,"

and eventually stand-alone

commercial plants, to be deployed. For indirect

liquefaction, the "pioneer
plant"

could be located

adjacent to an existing petroleum refinery and

use petroleum coke as feed to a gasification/gas

cleaning plant to produce clean synthesis gas.

In the simplest case, petroleum coke would

probably be used as the feed but, if the plant is

to be increased in size, coal can be introduced

into additional gasifiers. Because the pioneer

plant is located adjacent to a refinery, it is

assumed that the plant will utilize some of the

existing refinery facilities. The clean synthesis

gas from petroleum coke gasification is passed

once-through a slurry Fischer-Tropsch (F-T)
reactor to produce liquid fuels that are

recovered in product separation, and the tail gas

is sent to power generation. The pioneer plant

sells electric power to the refinery and the liquid

fuels are sent over the fence to the refinery for

upgrading and blending.

Another example of a pioneer plant

configuration for indirect liquefaction is one that

could be located at an existing IGCC plant. The

additional units required include a polishing

THE SYNTHETIC FUELS REPORT. OCTOBER 1997

61



 



COAL

reactor for residual sulfur removal, the F-T

reactor, product recovery and a cracker for the

wax product. In this case the IGCC plant would

coproduce liquid fuels in addition to power.

Because the synthesis gas from the coal gasifier

is now being fed to the F-T unit, natural gas

must be imported for combustion in the gas

turbines. If the future cost of natural gas

increases, it would be less expensive to add

additional coal gasifiers and phase-out use of

the natural gas.

There are both technical and economic risks as

sociated with the design, construction and

operation of the pioneer plant configuration out

lined above. If the commercial sector is to take

the lead in the deployment of these

technologies, both types of risk must be

acceptable.

For the indirect pioneer plant located adjacent to

the refinery a detailed economic analysis has

been performed. It is shown that adequate

return on investment can be obtained for these

plants if it is assumed that these high quality F-T

liquids can command a premium of $0.20 per

gallon ($8.40 per barrel) over conventional

petroleum. If the average of the nation's state

fuel tax ($0.17 per gallon) is exempted,

effectively making the total incentive $0.37 per

gallon, then the Return On Equity (ROE) rises to

over 20 percent. If both state and federal fuel

taxes are exempted, then a ROE of over

25 percent would be realized from this

investment. Once the pioneer plant is

constructed and operating, the objectives would

be for this plant to not only confirm proof-of-

concept integrated operations so that the

technical risk is reduced, but also to operate for

25 years as a commercial entity so that the

investorswould reap the expected ROE.

NATIONAL COAL COUNCIL VISION 2020

URGES CLEAN COAL TECHNOLOGY

DEVELOPMENT

The Secretary of the United States Department

of Energy (DOE) requested the National Coal

Council (NCC) to undertake a study of the

contributions to be made by coal to the nation's

future energy requirements and outline this

vision for the industry over the next 25 years.

The NCC's recommendations are summarized

in Vision 2020: The Role ofCoal In U.S. Energy
Strategy.

Coal serves as the low-cost fuel source for more

than 55 percent of United States electric utility

generation. Coal's position as the primary

energy source for electric generation in the

United States now and for the foreseeable

future is contingent upon its vast domestic

availability, a modem infrastructure for

production and transportation, and the capability

for use in an environmentally superior manner.

The coal industry, including the coal production,

transportation, and power generation and utiliza

tion sectors, will evolve over the next 25 years

to preserve and, ideally, enhance coal's

contribution in the production of clean, reliable,

low-cost electricity. According to the NCC, this

vision can be realized if two powerful trends

continue to mature into the future:

The demand for energy grows, especially

for electricity

The demand for this low-cost, clean and

reliable electricity can be met through

advances in technology

The NCC itemized their recommendations for

DOE actions as follows:

Support and encourage continued gen

eration of low-cost electricity for the

benefit of United States consumers,

regardless of fuel type.

Encourage the use of technologies that

will expand coal's benefits to society in

producing electricity, transportation fuels

and chemicals to reduce use of both im

ported oil and natural gas.

Continue collaborative programs for

research, development and demonstra-
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tion of clean, coal-fueled technologies for

repowering and new plant additions.

Ensure the development of energy
policies and regulations that have a

sound scientific basis, are economically

justified, are environmentally acceptable

and are strategically consistent for the

well-being and security of United States

consumers.

Work closely with federal, regional, state
and local environmental agencies to en

sure that environmental policies and

regulations are based on sound scientific

principles, have pragmatic objectives and

utilize least-cost control methods.

Take a lead role in the scientific review of

global climate change and the formation

of global climate change policy to ensure

that coal's contribution to low-cost

electricity is not disadvantaged.

Facilitate and support the development of

mid-term and long-term coal technologies

that are efficient and have low emissions

to further the electrification of the United

States economy.

In partnership with the coal industry,
promote the use of highly efficient coal-

fueled technologies, along with electric

technologies, in developing countries in

order to improve air quality and lower the

emissions of C02 per unit of electricity

produced.

In partnership with the coal industry, the

United States Agency for International

Development and the United States

Department of State, encourage the use

of clean coal technologies in foreign

developments.

Study the effects of eliminating taxes,

fees and policies that inhibit competitive

ness of United States coal internationally.

DOE and the Department of State should

work together in the formation of foreign

policy to ensure that resulting energy

directives do not run counter to domestic

economic concerns.

ECONOMICS

DOE SEES HYDROGEN FROM COAL AT

$3.50 AND ELECTRICITYAT $0,036

In the last half century coal has faced

challenges from other fuels and from

increasingly stringent environmental regulations.
In that time, coal has surrendered much of the

industrial, commercial and residential markets.

Nevertheless, during this same period coal has

not only increased its market share in the

electric utility sector, it has become the

dominant fuel for electricity production, currently

supplying more than 50 percent of the electricity

produced in the United States.

A major achievement in the United States has

been the steady stream of accomplishments

that has kept the cost of producing electricity

from coal low while coal consumption was

increasing. Annual emissions from powerplants

of particulate matter, sulfur dioxide and nitrogen

oxides have decreased significantly, while coal

consumption in powerplants has doubled since

the early 1970s.

There are still major challenges facing coal in

cluding:

Competition from natural gas

Environmental policy-especially green

house gas controls

Deregulation of the electric utility industry
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Each of these challenges has the potential to

significantly inhibit the future use of coal to

produce electricity.

The first (competition from natural gas) and the

third (deregulation of electricity generation) are

challenges that should appropriately be resolved

by free market competition.

The major challengethe one that has the

greatest potential to affect the future use of

coal, not to mention the impact on the United

States economy if it is not overcomeis the

problem of CC^ emissions. This challenge

requires a strong government role because of

the potential impact on the United States

economy and the lack of private sector

incentives to solve the problem.

A key element of the response to the challenges

facing coal is to continue the advances that

have been made in clean coal technology.

H. Feibus of the United States Department of

Energy (DOE) recently reported on the status

and future plans of the DOE Clean Coal

Technology Program.

Clean Coal Technology Demonstration

Program (CCT Program)

The CCT Program is a cost-shared

industry/government technology development

effort that is categorized into four market

sectors:

Advanced electric power generation

Environmental control devices

Industrial applications

Coal processing for clean fuels

Approximately 74 percent of the total CCT

Program costs are directed toward enhancing

efficiency and reliability of electric power

generation systems and the market applications

of environmental control devices.

DOE's Role in Coal's Future

According to Feibus, DOE's role in coal's future

will be essentially the same as it has been: to

work with its partners in industry and academia

to develop cost-effective technological solutions

that enable the largest domestic energy source

to remain competitive in an ever changing world

of new market forces and environmental regula

tions.

Even as commercial Integrated Gasification

Combined-Cycle (IGCC) systems are beginning
to be installed to operate on opportunity fuels,

enhancements to the system are under develop
ment including the Advanced Turbine System,

with high temperature sulfur and particulate con

trol systems. By 2005, the coal-fired IGCC sys

tem will be able to produce lower cost electricity

while limiting emissions of criteria pollutants to

one-tenth of New Source Performance Stan

dards, and while exhibiting a cycle efficiency of

50 percent.

Beyond that, the DOE strategic plan calls for the

development by 2010 of an advanced power

system to operate at high efficiency on coal at

an economic cost that is lower than for the

present state-of-the-art, while emitting

practically no criteria pollutants, and having no

net emissions of C02. That is, the goal of the

DOE program is to cost-effectively close the

carbon cycle.

Vision 21 Concept

Although a "Vision
21"

plant, having the perfor

mance shown in Table 1 ,
cannot be built today,

it is possible to identify the enhancements (i.e.,

the research goals) needed to build each of the

modules. To meet the cost objectives to enable

Vision 21 to be commercially competitive, the

commercialization of the various subsystems

that comprise the modules must be

accomplished within the planned timeframe

prior to 2010.

The most general version of Vision 21 is a plant

that produces electric power, transportation

fuels and other products (chemicals, thermal

energy). Coprocessing (that is, producing other

products in addition to electricity) should make it

possible to produce power and transportation

fuels at a lower cost than in a plant that

produces a single product.
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TABLE 1

CONVENTIONAL PERFORMANCE VS. VISION PLANT GOALS

FOR PRODUCING ELECTRICITY FROM COAL

Efficiency (HHV)
Relative Emissions

(S02, NOx, PM)
Fuel

Cost of Electricity
co2

Conventional

P.C. Reference

35%

1.0

coal($1.20/MMBTU)

$0.045/kWh

1.79 lbs (C02)/kWh

emitted to atmosphere

Closed Carbon Cycle

Vision Plant

65%

0.1

coal($1.20/MMBTU)

$0.036/kWh

0.96 lbs (C02)/kWh

safely & permanently sequestered

While there are a number of ways to

conceptualize the Vision 21 plant, a "power-

only"

version is shown in Figure 1 to illustrate an

approach to accomplish the power generation

goals. It can be seen to be comprised of some

familiar parts such as:

High temperature, high pressure gasifier,

comparable to the ones operating in the

DOE CCT Program

A high-temperature heat exchanger; for

example, this is a similar technical re

quirement as for the externally fired com

bined cycle

Solid-oxide fuel cell; a 1.5-megawatt sys

tem (essentially the same scale at which

the technology will be used for large

utility-scale systems) will be operating by
2000

The system is also comprised of commercial

elements, such as a bottoming cycle and an

oxygen generator, that can be enhanced by

incorporating advances such as the Kalina cycle
or an advanced separation system (ion transport

membrane).

In addition, the system includes a high-

temperature, high-pressure hydrogen separation

membrane. This technology may be a key to

the goal of closing the carbon cycle. It is

observed that the technology can serve not only
as a hydrogen separator at high temperatures

and pressures, it can also convert carbon

monoxide to hydrogen on its surface, in the

presence ofwater.

The Vision 21 plant of Figure 1 will exhibit the

following characteristics:

Low life-cycle cost of electricity.

No net emissions of C02. It is assumed

that the C02 is exported from the site and

transported 200 miles to a site where it is

sequestered. It is assumed that this can

be accomplished at a cost of $15 per ton

(C02).

Modularity. As conceptualized, Vision 21

is comprised of a number of sub-systems

that can be standardized and modularized

to result in a system that can be installed

and operating within 2 years of an order.

This feature will enhance the compet-
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FIGURE 1

VISION 21 PLANT
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itiveness of coal

environment.

in a deregulated

The vision 21 plant as shown in Figure 1 is only

one version. There are several variants in

which electricity and liquid transportation fuels

(the link to Figure 1 is the use of the syngas) are

synergistically produced at a lower cost than if

theywere produced alone.

Economic Considerations

If all research goals are achieved, the Vision 21

plant will be able to produce electricity with no

net emissions of C02, at a cost of $0,036 per

kilowatt-hour. For the coproduction case (H2-

gas and electricity), the net cost of the hydrogen

to be exported off-site and sold to large central

plants (after electricity revenue and C02 se

questration) is $3.50 per million BTU.

Research and Development Issues

In order to achieve the performance goals of the

Vision 21 concept, a number of challenging

research and development issues must be ad

dressed says Feibus. These include:

Low-cost 02 separation

H2 separation

Sulfator/Desulfurizer

Solid oxide fuel cell

High temperature heat exchanger

Sequestration
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COCO CONCEPT COULD PRODUCE LIQUID

FUELS FOR $26 PER BARREL

The United States Department of Energy (DOE)
and Mitretek are evaluating a concept that com

bines the use of gas and coal for the highly effi

cient production of electric power and high

quality transportation fuels. In its simplest form,
this coproduction cofeed (CoCo) concept con
sists of diverting coal-derived synthesis gas

from the combined-cycle power block of an

Integrated Coal Gasification Combined-Cycle

(IGCC) unit to a liquid synthesis reactor. The

unreacted synthesis gas from the liquid

synthesis reactor, and imported natural gas, are

then combusted in the downstream combined-

cycle power generation unit. Combining
processes in this manner accomplishes the

equivalent of natural gas to liquid synthesis

while eliminating the conversion losses

associated with the production of synthesis gas

from natural gas. The CoCo concept was dis

cussed by D. Gray and G. Tomlinson of Mitretek

Systems in an article in Energeia, Volume 8,
Number 4, 1997, published by CAER-University
of Kentucky, Center for Applied Energy
Research.

The advantages of this concept include:

Significant reductions in capital cost

compared to separate production of

power using IGCC and production of

transportation fuels from natural gas

Improvements in efficiency and sig

nificant reductions in C02 emissions

compared to production in separate

facilities

Improved availability of IGCC power gen

eration, because gas can be used during
gasifiermaintenance downtime

Use of natural gas in the transportation

sector without the expensive vehicle

modifications needed for direct natural

gas use and with a savings in C02 com

pared to the direct use of Compressed

Natural Gas (CNG) and Liquefied Natural

Gas (LNG)

A hedge against uncertainty in future gas

prices for developers

A major building block for future in

tegrated energy facilities that can use a

combination of fossil, waste and renew

able sources

The Concept

The overall concept is illustrated in Figure 1 . In

a baseline IGCC powerplant (solid lines),
oxygen-blown coal gasification is used to

produce synthesis gas. This synthesis gas is

cooled in radiant gas coolers to produce high

pressure steam, cleaned to remove sulfur

compounds and other impurities, and

combusted in gas turbines to produce electric

power. The residual heat in the combustion

gases exiting the gas turbines is used to

produce steam. This, together with the steam

from the gasifiers, is used to create additional

electric power in steam turbines. After providing

internal power for plant facilities, the net output

of the plant is sent to the power grid for

distribution.

In addition to electric power, this plant can also

coproduce valuable chemicals and clean

transportation fuels. In this coproduction con

figuration (dotted lines), instead of directly com

busting the clean synthesis gas from coal in the

gas turbines, as was the case in the baseline

IGCC facility, it is passed through a synthesis

reactor where the carbon monoxide and

hydrogen are catalytically combined to form

high value chemicals and ultra-low emission

transportation fuels. After fuels and chemicals

recovery, the unconverted synthesis gas is then

sent to the combined-cycle power block to

produce electric power. A large portion of the

synthesis gas that had previously been used to

produce electric power has now been used to

produce fuels and chemicals. Thus, in order to

produce the same electric power output as the

baseline IGCC facility, natural gas is imported to

the plant and combusted in the gas turbines to
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FIGURE 1

COPRODUCTION COFEED (CoCo) CONFIGURATION

Plant Schematic
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compensate for the synthesis gas used to

coproduce fuels and chemicals. In this way, the

total plant electric power output can be kept the

same as the baseline IGCC facility.

In the future, as the price of natural gas in

creases, additional coal gasifiers can be

installed. This will allow the phasing out of

expensive natural gas and the greater utilization

of cheaper coal. This Phased Technology
Implementation (PT!) approach significantly

reduces risks to project participants associated

with first-of-a-kind plants.

Impact of the CoCo Concept on Carbon

Emissions

To quantify the advantages of the concept of

cofeeding both coal and natural gas to the

facility to produce both power and transportation

fuels, it is necessary to compare this concept to

the alternatives for producing electric power and

fuels in separate facilities. First, the impact on

carbon use and hence on the carbon dioxide

emissions spawned during energy production is

considered.

For separate production of IGCC power from

coal and Fischer-Tropsch (F-T) liquids from

natural gas, the net carbon emissions for

production and end-use of 1 quad of fuels is

27 million tons. In comparison the net carbon

emissions for the coproduction of power and F-T

liquids using coal and natural gas combined

(CoCo) is equal to 18 million tons.

For coproduction using coal-only as feedstock

34 million tons of carbon per quad are

generated.

The CoCo concept therefore represents a sig

nificant contribution to reducing potential

greenhouse gas emissions by optimizing the use

of both coal and natural gas as feedstocks.

Figure 2 summarizes the emissions per quad of

transportation fuel produced and consumed, and

compares them to the baseline carbon

emissions from crude oil, and carbon emissions

from utilizing natural gas directly in

transportation as either CNG or as LNG.

Carbon emissions from F-T liquids produced

from natural gas are about equal to crude oil,

while carbon emissions produced using the

CoCo concept are about equal to those from the

direct use of natural gas. When these

emissions are compared on a relative carbon-

emission-per-mile basis the CoCo concept
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FIGURE 2

CARBON EMISSIONS PER QUAD TRANSPORTATION ENERGY SUPPLIED
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produces the lowest emissions, even lower than

the direct use of CNG.

Impact of the Coproduction Cofeed Concept

on Economics

To compare the relative economics of the CoCo

concept, it is first necessary to examine the

economics of the alternatives. A natural gas

combined-cycle plant for the production of

powerwould be the lowest capital cost option On

the range $500 to $600 per kilowatt) if electric

power was the only desired product. The Re

quired Selling Price (RSP) of the power is de

pendent on the cost of the natural gas feed. As

natural gas price increases, the RSP of the

power increases. When natural gas is $4.00 per

million BTU, the RSP of the power rises to

$0.37 per kilowatt-hour.

If the power were to be produced using IGCC

technology, the capital cost of the plant would

be significantly higher (in the range $1,400 to

$1 ,500 per kilowatt). The RSP of power from

the IGCC plant, if coal is $24 per ton, would also

be $0,037 per kilowatt-hour.

The capital cost for the CoCo plant is less than

the capital needed for production of the power

and liquid fuels in separate facilities from coal

and natural gas. For a CoCo plant coproducing
400 megawatts of power and 6,000 barrels per

day of liquids, the capital cost is about

$670 million. Production of 400 megawatts of

power using IGCC technology would cost about

$600 million, and production of 6,000 barrels

per day of fuels from natural gas would cost

about $150 million for a total of around

$750 million. However, if an existing IGCC

facility were to be modified to include an F-T

unit for liquid fuels production, then the

additional cost to accomplish this would be only

a fraction (about 10 to 15 percent) of the capital

of the IGCC facility. This is equivalent to a
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capital cost of fuels of about $12,000 per daily
barrel compared to $25,000 per daily barrel for

stand-alone natural gas to liquids facilities.

For the CoCo concept facility, the required

revenue of the plant comes from sales of power,

at the power value for a given natural gas price,

and sales of liquid fuels. If natural gas is $2 per

million BTU, then power can be sold for

$0,027 per kilowatt-hour and the RSP for the liq
uid fuels must be $26 per barrel to accrue the

required revenue. As natural gas prices rise,

the value of power increases so that the RSP of

the liquid fuels can decrease and still maintain

the same revenue. For example, if natural gas

is $3.50 per million BTU, the value of power is

$0,033 per kilowatt-hour and the RSP of liquid

fuels drops to about $22 per barrel.

These F-T fuels are of a high quality,

unattainable by refining conventional petroleum,
and will command a premium over crude oil.

Costs of fuels produced from this type of

coproduction facility are therefore almost com

petitive with the price of crude oil. However, be

cause of the technical and economic risks as

sociated with deployment of first-of-a-kind

plants, incentives would be required to provide

an acceptable rate of return for potential

developers.

Conclusions

The integrated coproduction cofeed (CoCo) con

cept produces 33 percent fewer carbon emis

sions than production of the same quantity of

power and liquid fuels in separate facilities at a

lower cost.

This concept allows transportation fuels from

coal to be produced and used for 50 percent

fewer carbon emissions per mile than

transportation fuels from conventional

petroleum, and 23 percent less than from direct

use of natural gas in transportation.

If this CoCo concept were used with advanced

clean coal power systems and deployed nation

wide to utilize all current coal-fired powerplants,

2.35 million barrels per day of high quality liquid

transportation fuels could be produced with a

reduction of carbon emissions equal to over

20 percent of the current carbon emissions from

the transportation sector.

TECHNOLOGY

FUTURE PROSPECTS NOTED FOR

IMPROVING DIRECT COAL LIQUEFACTION

Over the last 15 years, the technology for the

direct conversion of coal to liquid fuels has un

dergone significant development. This has

been most evident in improvements in product

yields (i.e., barrels per ton of coal), product

quality and, ultimately, in projected product

costs. A paper presented at the 213th

American Chemical Society National Meeting
held in San Francisco, California, in April by
F. Burke, of CONSOL Inc., et al. highlights

some of the important technical achievements

in reaching the current state of direct

liquefaction process development, as well as the

opportunities and obstacles for future research

and commercial implementation.

The Development of Direct Coal Liquefaction

Technology

Direct coal liquefaction is the process by which

coal is converted to liquids through the addition

of hydrogen or the removal of carbon.

Hydrogen can be provided directly from the gas

phase, through transfer from a chemical source

such as a hydrogen donor, or carbon can be

removed by a disproportionation reaction in

which the coal is converted to (relatively)
hydrogen-rich and carbon-rich products. The

reaction generally requires temperatures above

the softening point of coal (typically around

600 K) to facilitate mass transport and to

achieve adequate rates of reaction. The

objective usually is to produce transportation

grade fuels as substitutes for petroleum-derived

gasoline or diesel fuel. The reactions involved

include hydrogenation and cracking, and
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removal of nitrogen, oxygen and sulfur from the

coal (primarily as NH3, CO, C02, H20 and H2S).

In the United States the development of direct

liquefaction technology was stimulated by the

petroleum shortfalls and price increases of the

1970s. By 1980 three process concepts had

been sufficiently advanced to merit

consideration for commercialization:

Refined Coal. The solvent SRC-II

process, in which coal was hydrogenated

in a one-stage reactor with no catalyst

addition and the distillation bottoms were

recycled to take advantage of the

catalytic activity of the coal mineral

matter.

The Exxon Donor Solvent, in which coal

was fed to a plug-flow reactor in a recycle

solvent (the donor solvent) that was

hydrogenated catalytically in an external

reactor.

The HRI H-Coal process, in which the

issue of catalyst deactivation was ad

dressed by utilizing an ebullated bed

reactor which allowed a supported

catalyst to be added and withdrawn con

tinuously. The ebullated bed reactor also

offered superior performance in terms of

heat and mass transfer.

One problem with the single catalytic stage is

that hydrogenation reactions are best done at

relatively low temperatures where the

equilibrium is more favorable, but conversion

(i.e., cracking) reactions are faster at higher

temperature. To overcome this, research was

conducted on the use of multiple reaction

stages. In this type of configuration the coal is

converted to a soluble form in the first stage at

relatively high temperature (about 720 K) but

short contact time (about 2 minutes). The first-

stage product is deashed and converted to

distillate liquids at around 670 K in an ebullated

bed second stage which simultaneously

produced a hydrogenated solvent for recycle to

the first stage.

Further research led to "close
coupling"

of the

two reactor stages, with deashing applied to the

second-stage product. It also allowed for "ashy
recycle,"

in which a portion of the second-stage

product is recycled directly to the first stage. By

concentrating solids in the recycle stream, the

amount of material processed by the deasher

was significantly reduced, and the unconverted

coal was given additional residence time. One

advantage of the
"thermal"

first stage is a

greater removal of oxygen as carbon oxides.

In a current collaborative project, CONSOL, the

University of Kentucky, LDP Associates,

Hydrocarbon Technologies Inc. (HTI) and

Sandia National Laboratories have been

exploring several advanced concepts for

improving direct liquefaction process economics

through modifications to the feed coal and

recycle solvent and the use of dispersed and

impregnated slurry catalysts. Potential

advantages of operation with all-slurry catalysts

include: simplified reactor design; simplified

operations, constant catalyst activity, more

efficient use of reactor volume (no volume

needed for catalyst support); and catalyst can

be recycled with solids to reduce fresh catalyst

requirements.

Opportunities for Future Research and

Development

Current direct coal liquefaction technology is

technically feasible, but not economically com

petitive. However, in the long term, there may

be upward pressure on oil prices. Research

should be directed toward reducing the cost of

liquid products so that these alternative

technologies are available as early as possible

to have the greatest economic benefit, say

Burke et al.

Improved catalysts still offer the single best op

portunity for affecting many of the cost features

in a liquefaction process, including yields, selec

tively, product quality, hydrogen utilization and

capital cost (through reduced pressure and tem

perature and increased space velocity).

The principal feedstocks are coal and hydrogen.

Most coals have been shown to be suitable for
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most processes. If there is an
"opportunity"

coal, it will be the result of economic

opportunity; for example, the current emphasis

on United States low-rank coal recognizes its

low mine-mouth cost. Reduction in hydrogen

cost is problematic. Production of hydrogen

from coal involves a large unavoidable capital

expenditure for the gasification plant.

Production from natural gas is unlikely to be

economical in the long term, particularly if

petroleum prices have risen. Coprocessing
feedstocks, such as waste plastics and heavy
resid, may be useful in providing an economic

justification for early
"pioneer"

plants which will

demonstrate commercial viability.

Despite its variations, current liquefaction tech

nology remains based in thermal free radical or

radical-initiated hydrogen transfer. While there

are other possible hydrogen transfer

chemistries, including carbonium ion, hydride

ion and biochemical mechanisms, they have yet
to yield a promising candidate. As with the

catalyst research, much of the problem may lie

in a failure to establish exploratory research

goals of such a nature that they can be used to

justify further development. A realistic

candidate must be able to achieve high yields of

liquids that meet some minimum standard of

quality or upgradability.

NEW CATALYST IMPROVES ECONOMICS

OF COAL, PLASTIC COPROCESSING

Through the efforts of the United States Depart

ment of Energy and Hydrocarbon Technologies

Inc. (HTI), a novel process, HTI CoPro Plus, has

been developed to produce alternative fuels and

chemicals from combined liquefaction of waste

plastics with coal and heavy petroleum residues.

Process Description

The HTI CoPro Plus process entails coliquefac

tion of organic wastes with coal and/or oil in a

liquid phase hydrogenation process that takes

place at temperatures of about 425C and pres

sures of 15 MPa. Under these conditions, large

molecules are cracked, hydrogen is added and

sulfur, nitrogen, chlorine, etc. are easily
separated and recovered after conversion to

their basic hydrogenated form. Also, because

the process is contained under pressure, all

gases and inert components can be captured

and reused if desired. Direct liquefaction is also

applicable to the conversion and liquefaction of

densified solids Refuse-Derived Fuels (RDF),
formed from municipal and industrial wastes

and Automobile Shredder Residue (ASR).

HTI's continuous pilot plant operation uses a

finely dispersed catalyst (HTI Gel Cat) to simul

taneously liquefy the solid feed and upgrade

residuum from either liquefied solids or

petroleum oil to lower boiling (<524C) premium

products. The HTI Gel Cat has a high surface

area exceeding 100 square meters per gram in

dried form and has particle size smaller than

about 50 Angstrom units. Because the fine-

sized catalysts are based on material that is

cheap and environmentally benign, they are

usually considered to be disposable for large-

scale processes and do not require recovery

and regeneration.

The process performance and economic evalua

tion obtained from recent pilot-scale coprocess

ing operations were summarized by L. Lee of

HTI at the 214th American Chemical Society
National Meeting held in Las Vegas, Nevada, in

September.

Results

Table 1 presents the performance of five run

conditions. Coprocessing of Black Thunder

coal, Hondo oil and ASR resulted in

83.6 percent resid conversion and 66.8 percent

distillate yield. A dramatic drop in both resid

conversion and distillate yield was observed

when Hondo oil was removed from the mixture

of coal and ASR (Run PB-04-4). It seemed that

vehicle solvent is essential in converting ASR

and coal. The addition of plastics to coal/ASR

improved the process performance (distillate

yield was increased from 56.6 to 61 .4 weight

percent); it also decreased hydrogen

consumption by about 2 weight percent (Run

PB-04-05 results). Economical analysis showed
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TABLE 1

PERFORMANCE COMPARISON-YIELDS AND ECONOMIC COMPARISON

Run ID

PB-04-3 PB-04-4 PB-04-5 PB-06-3 PB-06-4

Performance Comparison-Yields (black thunder coal)

Feed Comp, wt.% Coal/Oil/ASR Coal/ASR

Coal (Black Thunder)
Hondo Oil

Plastics

ASR

343C+ Pyr. Oil

Catalyst

Fe/P

Mo

Space Velocity,
kg/h/m3

Performance, wt.% maf feed

Conversion

C4-524C Yield

524C+ Conv.

Ct-C3 Gas Yield

H2 Consumption

50

30

20

1,000

50

602

94.1

66.8

83.6

8.6

5.7

75

25

1,000

50

632

90.5

56.6

72.4

6.9

6.0

Economic Comparison (12,000 tons/day total feed)
Feed Rate, t/d

Coal

Hondo Oil

Plastics

ASR

343C+ Pyr. Oil

Liquid Products, b/d

Gasoline

Diesel Fuel

Total Investment, $MM

Operating Cost, $MM/yr

Eq. Crude Oil, $/b

ASR = Auto Shredder Residue

PLS = Plastics

Pyr. Oil = Pyrolysis Oil

6,000

3,600

2,400

9,000

3,000

13,196 10,141

32,048 24,629

2,680 2,654

583.6 519.5

30.34 36.25

Coal/ASR/PLS Coal/Pyr. Oil Coal/Oil/Pyr.

50 67 45

28

25

25

33 27

1,000 1,000 1,000

50 0 0

621 655 1,356

91.3 91 86

61.4 57 54

77.2 73 66

7.8 8.8 3.5

4.0 5.4 2.2

6,000

3,000

3,000

12,205

29,641

2,644

561.9

28.99

8,040

3,960

11,527

41,238

2,734

505.2

23.41

5,400

3,360

3,240

10,310

35,875

2,852

639.9

19.64

that by adding plastics to coal/ASR feedstock,

equivalent crude oil price dropped by $6 per

barrel.

Lee et al. concluded that auto-fluff, which con

tains primarily polyurethanes and high impact

polystyrene as its principal polymeric

constitutes, was not as effective as the

municipal solid waste plastics in improving the

coal hydroconversion process performance.
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As shown in Table 1, Run PB-06-3, performance

of coprocessing of coal/pyrolysis oil was similar

to coprocessing of coal/ASR (PB-04-4); a slight
decrease in hydrogen consumption was ob

served. Considering that Mo catalyst was not

used in Run PB-06-03, this result seemed to

suggest that pyrolysis oil was more reactive in

improving coal conversion than ASR. The

result from Run PB-06-4 demonstrated the

potential for commercialization because the

equivalent crude price dropped to $19.60 per

barrel.

In comparing the same feed mixture, Illinois #6

coal appeared to be more reactive than Black

Thunder coal, as both the distillate yield and

resid conversion were higher. However, the use

of Illinois #6 coal resulted in higher hydrogen

consumption under the same conditions. Sig
nificant improvements were obtained in

coprocessing of Illinois #6 coal, Hondo oil and

plastics.

Conclusions

The new dispersed catalyst Gel Cat, developed

by HTI, has been effective for coprocessing.

Excellent process performance in terms of car

bonaceous feed conversion to liquid and

gaseous products, light distillate yields and

hydrogen consumption have been obtained

during the coprocessing of different types of

feed materials including coal, heavy petroleum

resid, municipal solid waste plastics and auto-

fluff. The addition ofwaste plastics, or pyrolysis

oil from plastics, to the feed increases hydrogen

efficiency as both hydrogen consumption and

C1-C3 light gas yield decrease.

The liquid products from these coprocessing

operations were clean and good feedstocks for

refining operations, such as hydrotreating,

reforming and hydrocracking. For these distil

lates, heteroatoms could be easily reduced if

needed; also, better fluid catalytic cracking

gasoline yields require less hydrocracking

capacity for coal liquids than petroleum. These

distillates made acceptable blendstock for diesel

and jet fuel, due to their high cetane number (42

to 46) and high naphthenes (over 50 volume

percent) content. The superior quality of

distillate products from HTI's coprocessing runs

(attributable to HTI's in-line hydrotreating opera

tion) was found to be worth a $3.00 premium

over the neat petroleum liquids.

TIRE OIL HAS SYNERGISTIC EFFECT ON

COAL LIQUEFACTION

Disposal ofwaste tires is a major environmental

problem. Coliquefaction of tires and coal has a

synergistic effect on coal conversion but the

synergism decreases in the presence of catalyst

at high tire/coal ratios. The tire can be liquefied

under fairly mild conditions whereas the

liquefaction of coal requires relatively more

severe conditions, which indicates that optimum

conditions for liquefaction of coal and tire are

not the same. Hence, a multistage process for

coal/tire liquefaction may be more appropriate.

The first stage of this process is the liquefaction

or pyrolysis of tire to obtain tire oil and tire

residue (mostly carbon black), and the second

stage is the liquefaction of coal with tire oil in

the presence of a catalyst.

Two-stage catalytic liquefaction of coal and

waste tire was investigated by R. Sharma et al.

of West Virginia University. Their results were

presented at the 214th American Chemical

Society National Meeting held in Las Vegas,

Nevada, in September.

An impregnated ferric sulflde-based catalyst

was used in the study. The tire was liquefied

separately in the first stage at 350 or 400C

under N2 or H2. In the second stage, coal was

liquefied with tire oil (obtained from first stage)

at 350 to 450C, 1,000 psi (cold) H2, using

various tire oil/coal ratios. The effect of various

tire oils, prepared under different conditions, on

coal liquefaction was studied.

Effect of Preparation Temperature in the

First Stage

Tire oil samples were designated as Tire oil #1

(prepared at 400C under H2), Tire oil #2

(350C, H2) and Tire oil #3 (350C, N^. Retc
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represents tire/coal ratio for which the tire-

oil/coal ratio is the same as in a given run. For

example a tire-oil/coal ratio of 0.66 is equivalent

to Retc of 1 because the yield of tire oil from tire

at 400C is about 66 percent.

As seen in Figure 1 , the conversion of coal in

creases dramatically in the presence of catalyst.

The conversion also increases when the coal is

liquefied with Tire oil #1. The increase is de

pendent on the value of Retc in both thermal

and catalytic runs. The oil plus gas yield in

catalytic runs also increases slightly with

increase in Retc- The results indicate that the

tire oil has a synergistic effect on coal

liquefaction. Further testing with Tire oils #2

and #3 showed that the synergistic effect of tire

oil is dependent on the preparation conditions

for tire oil in the first stage. This indicates that

the nature or composition of various tire oils

may be different. Work is under way to

characterize the three oils.

FIGURE 1

EFFECT OF RETC

ON UQUEFACTION OF COAL

WITH TIRE OIL

0 1 2

Equivalent Tire/Coal Ratio, RKK

SOURCE: SHARMAETAL.

Tire oils #2 and #3, which were prepared at the

lower temperature, contained significant con

centration of carbon black particles and the

synergistic effect of tire oil on coal liquefaction

was relatively small. In addition to the

difficulties in the recovery of tire oil at 350C,
another disadvantage of using a low

temperature in the first stage is that a significant

fraction of the tire oil is lost to the carbon black

residue. This impedes the easy recycle of the

carbon black, note the authors.

Effect of Liquefaction Temperature in the

Second Stage

For coal liquefaction at 450C the synergism

due to tire oil in the absence of catalyst is small.

However, in the catalytic runs, both the conver

sion and yield increase in the presence of tire oil

and are highest at Retc=1 - At the higher Retc

value, the conversion is essentially the same as

at Retc=1 but the oil plus gas yield is lower. At

400C both the conversion and yield increased

continuously with increase in retc

Comparison of Two-Stage Results with

Single-Stage Coliquefaction of Coal and Tire

The conversion and oil plus gas yields from two-

stage liquefaction are higher than those from

single-stage coliquefaction at 400C and the dif

ference increases as the value of Retc is in

creased. At 450C (Figure 2), the difference be

tween the two-stage and single-stage results is

maximum at Retc=1. Because the most ap

propriate value of Retc from a commercial

point of view, is around 1, the two-stage

catalytic liquefaction is particularly beneficial at

high temperatures where the conversions are

also high.

Conclusions

Sharma et al. conclude that the synergistic

effect of tire oil is greater than that of the whole

tire, especially at high tire-oil/coal ratios, which

indicates that the two-stage liquefaction may be

preferable to the single-stage coliquefaction of

coal and tire.
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FIGURE 2

COMPARISON OF

TWO-STAGE RESULTS

WITH SINGLE-STAGE

COLIQUEFACTION OF

COAL AND TIRE

100

Two stage

Single stage

0 1 2

Equivalent Tire/Coal Ratio. R^
SOURCE: SHARMA ETAL.

HOT COAL GAS CLEANED WITH

CARBON-BASED SORBENTS

Integrated Gasification Combined-Cycle (IGCC)
power systems are emerging as the most

promising technology to convert high-sulfur coal
into electricity. Hot gas cleanup for

desulfurization is needed to accelerate the

successful demonstration and

commercialization of advanced coal gasification

systems worldwide. In IGCC processes,

hydrogen sulfide is removed from the coal gas

before it enters the turbine. To achieve

maximum efficiency in IGCC systems, H2S

should be removed from the fuel gas while hot.

Although H2S can be removed quite effectively

by cooling the hot gases to temperatures less

than 100*0, removal of H2S at 300 to 800C can

lead to significant increases (up to 3 percent) in

overall thermal efficiency.

Numerous metals and mixed-metal compounds

have been studied as possible desulfurization

sorbents. Current leading sorbents include zinc
titanate and Z-Sorb (a proprietary

zinc-oxide-

based sorbent). However, not only are these

sorbents expensive (up to $7 to $15 per pound),

they are also prone to chemical and/or physical

degradation during cycling.

One material that has been overlooked as a

potential hot gas cleanup sorbent is carbon.

Carbon has several advantages compared to

metal-based hot gas cleanup sorbents:

The harsh coal gas environment should

not affect the properties of the carbon

during operation (carbon will not gasify in

a reducing atmosphere at temperatures

less than 700C).

Carbon itself adsorbs large quantities of

H2S, meaning that it could be used as an

active support for metals such as copper

and zinc which also adsorb H2S; most

metal-based sorbents have an inert sup

port matrix, sometimes constituting up to

60 percent of the mass of the sorbent.

Carbon will not chemically spall unlike

metal-based sorbents and it is more

physically stable because there is little or

no volumetric change in a carbon-based

sorbent due to sulfur loading.

Coal, which is used to make the carbon-

based sorbents, is an inexpensive starting

material.

M. Cal, of the Illinois State Geological Survey
and the University of Illinois, et al. discussed the

cleanup of hot coal gas with carbon-based sor

bents at the 214th American Chemical Society
National Meeting held in Las Vegas, Nevada, in

September.

Results and Discussion

Numerous adsorption experiments were per

formed to evaluate the adsorption capacities
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and breakthrough times of various carbon-based

sorbents. Activated, nitric acid oxidized,

desorbed (with more active carbon sites) and

metal impregnated chars were used.

Char E, which was oxidized with nitric acid and

impregnated by ion exchange with zinc, had the

highest sulfur content after adsorption experi

ments. The nitric acid oxidized chars (A and B)
adsorbed 10.2 to 11.3 weight percent sulfur. A

char desorbed of oxygen (char C) adsorbed a

significant amount of sulfur (6.5 weight percent),

but did not perform as well as the oxidized or

metal impregnated chars. This suggests that

while carbon sites will adsorb H2S, oxygen and

metal content are also important to achieve op
timal adsorption. Char B and C differ in oxygen

content only (12 to 15 weight percent versus

0 weight percent). The oxidized char (B) ad
sorbed about 50 percent more sulfur than the

desorbed char (C) for comparable adsorption

times. Thus the presence of chemisorbed

oxygen enhances H2S adsorption on activated

char.

The total sulfur results also show the importance

of the inlet gas stream. When inlet gas was

modified to include only H2S and N2 (i.e., no

C02), the measured adsorption capacities were

significantly lower than when C02 was present

(approximately 50 percent). This occurrence

suggests some interaction between the carbon

surface and C02. The importance of C02 in

H2S adsorption continues to be studied and

more research is necessary before any type of

conclusion can be suggested.

The influence of reactor temperature can be

seen by comparing char J (550C) which

adsorbed significantly more sulfur than char I

(400C) during a shorter run time.

Chars impregnated with metals (Zn and Cu) ad

sorbed about 10.5 weight percent sulfur before

the effluent H2S concentration reached

500 ppmv (350 to 390 minutes). An HN03

oxidized char that was run for a longer time

(610 minutes) attained an added sulfur content

of 12.7weight percent. A steam activated char,

with no nitric acid oxidation, achieved an added

sulfur content of 6.1 weight percent. The results

show that significant amounts of sulfur (6.1 to

10.6 weight percent) can be added to carbon in

fairly short adsorption times (<400 minutes).

Figure 1 (next page) displays breakthrough

curves for four adsorption experiments with the

quartz reactor. Breakthrough times to

200 ppmv outlet H2S concentration for chars K,

M, N and O ranged from 4 to 6.5 hours. The

oxidized char impregnated with zinc by ion

exchange performed the best, followed by the

copper impregnated char. The oxidized char

(K) displayed a leveling off of outlet

concentration at 1 ,300 to 1 ,500 ppmv H2S which

is similar to previous adsorption experiments.

This may indicate that a catalytic reaction might

be occurring which converts H2S to another

compound or it may mean that H2S adsorption

on carbon exhibits a two-stage breakthrough

curve. An interesting discovery of the

adsorption experiments was that the steam

activated char (M) had a breakthrough time

(200 ppmv) that was similar to that of the

oxidized char (K).

Summary and Conclusions

Results of this project to date show that carbon

may be a viable hot gas cleanup sorbent. With

further research, both the sulfidation capacity

and breakthrough time of carbon-based

sorbents are expected to increase. It remains to

be determined how the pore structure and

surface chemistry of the char can be modified to

maximize H2S adsorption capacity. The

mechanism of H2S removal by carbon is not

well understood.

ENVIRONMENT

SASOL ISSUES FIRST PUBLIC

ENVIRONMENTAL REPORT

Sasol's first public Environmental Report was

published earlier this year. The report outlines

THE SYNTHETIC FUELS REPORT, OCTOBER 1997

77



 



COAL

FIGURE 1

H2S BREAKTHROUGH CURVES FOR CARBON-BASED SORBENTS

2S0

SOURCE: CALETAL.

ISO 200 250

Time (min)

400

Sasol's success and shortcomings during
1995/1996 as well as goals for the future.

Sasol's environmental policy clearly states the

company's commitment to operate in an

environmentally responsible manner.

"Sasol believes that the quality of the air,

water and soil must be protected for the

continued benefit of all ecosystems. In this

way, the needs of the present and future

generations will be met.

Sasol is committed to act responsibly and

with due regard to the effects of its opera

tions and products on the environment.

Protecting the environment is an
obligation-

not a choice.

Consequently: It is Sasol's policy to judi

ciously limit the environmental impact of all

its
activities."

Sasol Limited, as a member of the international

chemical industry, has adopted the Responsible

Care program, which aims to promote con

tinuous improvement in safety, health and en

vironmental performance.

At a divisional level, Sasol also intends to use

the recently published international standard for

environmental management systems (ISO

14001) as a benchmark. The first phase of the

formalization, documentation and

implementation of the system is a priority for

1997.

When the Sasol site was built in Secunda,

15 percent of the total costs were for environ

mental protection. Sasol's total environmental

expenditure for the last 5 years was

R409 million. Environment-related expenditure

will be about R105 million for the year

1996/1997, as Sasol continues to reduce

product losses due to emissions and
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implements various recommendations

environmental impact assessments.

from

Environmental impact assessments are con

ducted for all new plants and major projects and

for some plant modifications and extensions.

The major environmental impact assessments

for 1995/1996 included a second water

desalination plant for the mines, a new acetic

acid recovery plant for the Secunda site, a

waste-to-energy incinerator at Sasolburg, the

Pretoria and KwaZulu Natal pipelines and a

food-grade acid plant at Fedmis in Phalaborwa.

Community Awareness Panels have been

established at Sasolburg and Secunda. The

panels are a forum for improving interaction

with local communities on safety, health and

environmental issues.

Sasol actively supports research on

environmental issues both inside and outside

the company. Internally, environmental

research and development is done by the

Sastech division in close consultation with the

operational divisions.

One of Sastech's major challenges is to develop
systems for the monitoring of gaseous stack

emissions such as sulfur dioxide, nitrogen

oxides, hydrogen sulfide and hydrocarbons.

Externally, Sasol supports environmental

research at universities, technikons and

research institutions.

The key environmental highlights for Sasol

Limited for 1996 include:

TOSAS (the Sasol Oil/Total bitumen

marketing division) became the first

company in the country and one of only a

few in the world to obtain certification to

both the ISO 14001 and BS 7750 En

vironmental Management System stan

dards.

The Groundwater strip mine adjacent to

the Vaal River in Sasolburg was named

Industrial Conservancy of 1996 by the

Free State provincial government.

Self assessments were conducted at the

various divisions to evaluate performance

against the Responsible Care codes for

Health and Safety of Persons,

Transportation, Waste Management, and

Storage and Distribution. Where short

comings were identified, corrective ac

tions are being implemented.

A total of 320,000 tonnes of waste pitch

was recovered at Sasol Secunda site and

sold for use as furnace oil in the iron and

steel industry. The former tar disposal

areas will be rehabilitated.

The implementation of a tubular reverse

osmosis plant at Secunda for the

recovery of 6 million liters a day of ash

water to replace the use ofwater from the

Vaal River system.

The following problem areas have been

identified by the operating divisions and have

been or are being addressed as priorities:

The discharge of contaminated mine

water under controlled conditions at

Secunda, due to unusually high rains.

Odors, due to the emission of hydrogen

sulfide from the Sasolburg operations, is

a problem which results in complaints

from the public. The commissioning of a

R160 million sulfur removal plant will

reduce these emissions over the next

3 years.

The visual impact and nuisance caused

by high levels of fly ash emissions from

the Sasolburg site due to technical inef

ficiencies and deterioration of equipment.

The leakage of an underground petrol

storage tank at a retail petrol station,

contaminating a domestic borehole. This
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resulted in a R300.000 cleanup and

remedial program.

Medium-term goals (completion in 3 to 5 years)
include:

Accidental spills of fuel alcohol and diesel

required recovery and rehabilitation of the

soil, which is in progress.

Sasol has identified its short-term goals

(completion in 1 to 3 years) as:

Improved quantification of gaseous

emissions to atmosphere, for example

nitrogen oxides, sulfur oxides, hydrogen

sulfide and carbon dioxide emissions.

Finalization of the specialist studies being
done as part of the environmental impact

assessment for the proposed Northwest

strip mine.

Development and implementation of an

integrated water management plan for

Secunda to overcome problems caused

by the discharge of contaminated mine

water.

Formal implementation of the ISO 14001

Environmental Management System

Standard by most business units in the

company.

Reduction of sulfur from the waste gases

released to the atmosphere at the Sasol

burg site.

Upgrading the electrostatic precipitators

at the Sasolburg site to minimize fly ash

emissions.

Monitoring, quantification and manage

ment of volatile organic compound emis

sions to reduce low-level ozone forma

tion.

Evaluation of the results of pilot plant

studies on processes aimed at further

reducing hydrogen sulfide emissions.

Energy optimization at the operating divi

sions.

Quantification of measurable targets for

emissions, effluents and waste streams at

the various sites for publication in a future

Sasol environmental report.

Sasol's long-term goals (completion in more

than 5 years) are listed as:

Continuous improvement in environmen

tal management and pollution control to

achieve greater eco-efficiency.

Conducting life-cycle assessments of

products and manufacturing processes to

limit environmental impact from cradle-to-

grave.

Investigation of the use of alternative

clean feedstock such as natural gas.
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PROJECT ACTIVITIES

PHILLIPS AND SASOL STUDYING

GAS-TO-LIQUIDS PLANT IN QATAR

In July Qatar General Petroleum Corporation

(QGPC), Sasol Ltd. and Phillips Petroleum

Company signed a Memorandum of

Understanding for the construction of a gas-to-

liquids plant at Ras Laffan Industrial City in

Northern Qatar. A 6-month feasibility study will

be conducted to fully assess the economics and

viability of the new venture. Following a

positive recommendation from the study,

construction would begin on the plant with a

scheduled completion date of 2002.

The plant would produce approximately
20,000 barrels per day of distillates and naphtha

using Sasol's slurry phase distillate process.

The natural gas feedstocks will be sourced from

Qatar. QGPC would own 51 percent of the ven

ture, Sasol 34 percent and Phillips 15 percent.

The alliance members include Amoco

Production Company, British Petroleum, Statoil
and Sasol Technology (Pty) Ltd. These

participants will share costs and contribute their

extensive technical expertise, research and

development resources and strong financial

capabilities to develop critical areas and cross-

license technology rights to expeditiously and

aggressively move this technology toward

commercialization.

The alliance will compete with a United States

Department of Energy-funded project headed up

by Air Chemicals and Products, Inc., Allentown,
Pennsylvania. This contract, awarded in May,
will also develop a ceramic membrane to make

syngas from natural gas (see The Sinor

Synthetic Fuels Report, July 1997, page 77).

ECONOMICS

SHELL MDS PROCESS COMMERCIALLY

VIABLE IN LOCAL CIRCUMSTANCES

CORPORATIONS

SECOND CONSORTIUM TO PURSUE

CERAMIC MEMBRANES FOR SYNGAS

Five chemical and oil companies have formed

an alliance to develop a ceramic membrane

technology for directly converting natural gas to

synthesis gas (syngas). The unique aspect of

this process is the use of ceramic membrane

technology to combine oxygen separation from

air, and methane partial oxidation, in a single

unit. By eliminating the need for a separate

oxygen production plant, the technology

significantly reduces the energy and capital cost

associated with syngas production. The

successful implementation of this technology

would provide a substantial and more cost-

competitive source of cleaner-buming energy

resources compared to conventional fuels.

The importance of natural gas as a source of

energy has increased substantially in recent

years and is expected to continue to increase.

Proven world gas reserves are now approaching

those of oil and, on the basis of the current

reserves situation and relative depletion rates,

natural gas seems to be set to outlast oil.

The main drawback of natural gas remains its

low energy density, which makes its

transportation to the point of use expensive, and

which may even prohibit its exploration and

production. Shell and others have therefore

been looking at processes that chemically

convert natural gas into liquid hydrocarbons.

Shell's Middle Distillate Synthesis (SMDS)
process combines conventional and well proven

technologies with advanced technology using

newly developed heterogeneous catalysts to

produce top quality middle distillate fuels from

gas.
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Shell's construction and successful operation of

the first commercial natural gas to transportation

fuels conversion plant, SMDS (M) Bintulu, was

discussed by J. Ansorge of Shell International

Oil Products B.V. at the 213th American

Chemical Society National Meeting held in San

Francisco, California, in April.

SMDS Process

The overall process starts with the conversion of

natural gas into synthesis gas. For the produc

tion of predominantly saturated hydrocarbons,

-CHr, the syngas components H2 and CO, are

consumed in a molar ratio of about 2:1 .

The next step of the process, the hydrocarbon

synthesis, is a modernized version of the classi

cal Fischer-Tropsch (F-T) process, with the em

phasis on high yields of useful products. The F-

T process developed by Shell for SMDS favors

the production of long-chain waxy molecules

which, as such, are unsuitable for transportation

fuels. The hydrocarbon synthesis step is

therefore followed by a combined hydro-

isomerization and hydrocracking step to produce

the desired lighter products. By opting for the

production of waxy molecules in the F-T step,

the amount of unwanted smaller hydrocarbons

or gaseous products produced as byproducts, is

substantially reduced. Combined with the high

selectivity toward middle distillates in the

hydrocracking step the overall process shows a

high total yield of product in the desired range.

In the final stage of the process, the products,

mainly kerosene, gasoil and naphthas, are

separated by distillation. By the right operating

conditions in the hydrocracking step and the

subsequent distillation, the product slate can be

shifted toward a maximum kerosene mode or

toward a maximum gasoil mode depending on

market circumstances.

The Plant

The first commercial SMDS plant is located in

Bintulu in the State of Sarawak, Malaysia, where

sufficient remote natural gas is available for

conversion. About 100 million standard cubic

feet per day are converted into liquid products.

The project was developed by Shell

Internationale Petroleum Maatschappij (SIPM

today SIOP), constructed by Japan Gasoline

Corporation (JGC) and is operated by Shell, as

part of a joint venture between Petronas,

Sarawak State, Mitsubishi and Shell.

Plant throughput, availability of the complex and

reliability of the process units increased over the

last 3 years. It forms a tremendous source of

experience and a basis for entering into the next

generation SMDS plants.

The Products and Their Markets

The F-T synthesis for transportation fuels has

the great disadvantage that first the hydrocar-

bonaceous feedstock has to be gasified and

converted into synthesis gas before the route to

the transportation fuels can be taken. On the

other hand, it can be seen as an advantage

because the target products are built from their

molecular building blocks H2 and CO and can

consequently produce extremely clean products.

SMDS products contain no sulfur, no nitrogen,

and aromatics are at the limit of detection. The

SMDS products have impurities that are several

orders of magnitude lower than highly refined

crude oil-derived products.

SMDS transportation fuels can easily meet

California Air Resources Board restrictions on

aromatics and sulfur levels. (See Table 1
.)

Besides transportation fuels the other middle

distillate products include:

Naphtha

Kerosene

Waxy raffinate (base oils)

Besides blending naphtha into the gasoline pool,

it can be used as chemical feedstock for

petrochemicals. Its paraffmic nature makes it

an ideal cracker feedstock for ethylene

manufacture. The paraffmic nature and the

purity of the SMDS naphtha results in about

10 percent higher conventional ethylene yields

compared to petroleum-derived naphtha

feedstock.
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TABLE 1

GASOIL PROPERTIES COMPARED TO CARB SPECIFICATIONS

SMDS Product CARB Reference

Gasoil Commercial SDec. Fuel SDec. CEN Soec.

Cetane Number 76 48 min 49 min

Density (kg/m3) 780 N/S 820-860

Sulfur (ppm) n/d 500 500(1996)
Aromatics (% m/m) n/d 10 max. N/S

Cloud Point (C) 1 -5 N/S

CFPP (C) -2 N/S +5 to

90% Recovery (C) 340 288-338

95% Recovery (C) 350 370 max.

N/S = No Specifciation

"Depends on regional application

For the first SMDS plant in Bintulu the produced

kerosene is too small to play a significant role in

the regional kerosene market. However, a frac

tion boiling in the kerosene range can be

tailored to an iso-paraffinic solvent of high

purity. It has a low odor and water-clear

appearance and is particularly attractive in

applications such as printing ink, cosmetics, dry

cleaning etc. It is marketed under the

tradename SMDS SARASOL 150/200.

SMDS Bintulu (Malaysia) presently supplies

Shell refineries in France and Japan where

SMDS waxy raffinate is processed into finished

top-tiermotor oils.

Not all linear paraffins are converted in the HPC

into middle distillates. Part of the primary F-T

product which contains a certain percentage of

olefins and oxygenates is hydrogenated under

such operating conditions that olefins and

oxygenates are converted into the

corresponding linear paraffins without any

isomerization. The resulting stream of pure,

linear paraffins is subsequently separated by
distillation to gain access to a range of special

products such as solvents, detergent feedstocks

and waxes.

Outlook

SMDS technology can provide the bridge be

tween vast reserves of natural gas and the large

transportation fuel market. This bridge can be

built already today if some specific factors come

together, says Ansorge:

The investment has to be reasonably low

The alternative value of the natural gas

should be low

The products fit into the longer market

trends

A reasonable natural gas price would be about

US$0.5 per million BTU (equivalent to a

feedstock cost element in the product of about

US$5 per barrel) to make the SMDS products

competitive in the transportation fuel market.

The total fixed and other variable operating

costs are estimated at a further US$5 per barrel.
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The total required selling price for the product

will depend on numerous factors, including
fiscal regimes, local incentives, debt/equity

ratio, type of loans and corporate return

requirements. The premium that may be

realized for the high quality products can be

anything between 0 and US$8 per barrel over

and above the normal straight run middle

distillate value depending on local

circumstances.

An important factorwhen realizing a natural gas

to middle distillate conversion complex is the

capital costs. These are highly dependent on

location. At a location with an industrial in

frastructure available specific capital cost would

be around US$30,000 per daily barrel, whereas

for a similar plant in a remote location and on a

greenfield site the cost could be substantially

higher.

In addition to these factors, the capacity of the

plant is of great importance. Especially for

remote locations, where self-sufficiency of the

plant is essential, larger plants in the 25,000 to

50,000 barrel per day range have a much better

economy of scale.

Further developments are under way, directed

at increasing the efficiency of the process and

reducing the capital cost. An important area for

these efforts is the synthesis gas manufacturing

plant, which constitutes more than 50 percent of

the total process capital cost. Other fields of in

terest include further catalyst improvement, the

design of the synthesis reactors and general

process integration within the project. It is ex

pected that experience, combined with further

improvements for larger size plants, will bring
the specific capital costs for remote areas

further down.

SMDS technology has been developed to a

stage where it can be considered as technically

proven and, subject to local circumstances,

commercially viable. Installation of SMDS

plants can bring significant national benefits to

countries with uncommitted gas reserves, either

through export from the plant or inland use of

the products, thereby reducing the need to

import oil and oil products and saving on foreign

exchange.

FLOATING F-T PLANTS COULD BE KEY TO

OFFSHORE GAS RECOVERY

The two conventional approaches currently used

in United States territory for the handling of

natural gas associated with crude petroleum

production are reinjection and pipelining. Rein-

jection is sometimes desirable to enhance crude

production but in some cases it reduces or

hampers production. It costs on the order of

$0.25 per thousand cubic feet and can range up

to $0.50 per thousand cubic feet. This cost can

be significant at high gas to oil ratios, and it

does not make use of the gas resource.

For significant potential production of on-shore

and
"near-shore"

gas, pipelining to market or to

a use point is the other current approach.

However, as distances from the shore increase,

so do water depths and distances to tie-in points

to existing pipelines. Off-shore pipeline installa

tion costs can range from $170,000 per mile to

over $1 million per mile. In addition, sea bottom

conditions such as a potential for mud slides,

can make building a pipeline too risky or too

expensive.

With support from the United States Department

of Energy (DOE), Energy International inves

tigated a new technique for capturing the fuel

value in the associated natural gas contained in

crude oil. In the new concept, the dissolved

natural gas would be processed via F-T technol

ogy to produce light hydrocarbons, which can be

transported to shore by tanker. A. Singleton and

P. Cooper of Energy International Corporation

summarized the concept at the DOE's Natural

Gas Conference held in Houston, Texas, in

March.

The case considered is installation on a Floating
Production, Storage, Off-loading vessel (FPSO)
of a Fischer-Tropsch (F-T) plant capable of han

dling 56 million cubic feet per day of wet as

THE SYNTHETIC FUELS REPORT. OCTOBER 1997

84



 



NATURAL GAS

sociated gas derived from 22,400 barrels per

day of crude. The FPSO would be a converted

200,000 DWT VLCC tanker costing $137 million

including $65 million for synthetic line mooring

and associated vessel facilities. The F-T plant

would produce 25,000 barrels per day of

premium quality synthetic crude and would have

a capital cost of $383 million. The combination

of an F-T plant with a FPSO is referred to as an

FFTP (Floating Fischer-Tropsch Production

system), and is illustrated in Figure 1.

FIGURE 1
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Conclusions

The authors conclude that in many water-based

locations such as, but not limited to, the Gulf of

Mexico, converted tankers (VLCC's) offer an at

tractive
"platform"

for combining production

operations with F-T conversion of natural gas.

At pipeline distances of greater than 200 miles,

or with difficult ocean bottom conditions, F-T

conversion of remote associated natural gas

may provide superior economics to pipeline

delivery of natural gas.

Given the availability of a ship-mounted

production/F-T facility, one could get an early

start on producing a new discovery, i.e., other

wise marginal economics could be made attrac

tive from cash flow considerations. Another

benefit of FFTP is that it is movable/usable for a

series of short-life projects.

GAS TO LIQUIDS LOOKS COMPETITIVE

FOR ALASKA NORTH SLOPE

About 26 of the 38 trillion cubic feet of

technically recoverable, conventional natural

gas located in developed and known

undeveloped fields on the Alaskan North Slope

is available for sale; the remainder will be

consumed in oil and gas operations on the North

Slope. No significant commercial use has yet

been made of this large natural gas resource

because the economics have not yet been

favorable to support development of a gas

transportation system.

E. Robertson of the Idaho National Engineering
and Environmental Laboratory and C. Thomas

of the Petroleum Recovery Research Center-

New Mexico Tech evaluated two gas utilization

and transportation options that could be used to

exploit the vast arctic gas resources:

A Gas-To-Liquids (GTL) option that con

verts the gas to a stable liquid on the

North Slope using Fischer-Tropsch (F-T)

technology and then transporting the

resulting liquid along with produced crude

through the Trans-Alaska Pipeline

System (TAPS), and then to conventional

refineries via tankers.

A liquefied Natural Gas (LNG) option that

involves constructing a gas pipeline from

the North Slope to an LNG plant located

in Valdez, Alaska, and then to Asian LNG

markets via LNG tankers.

Their results were presented at the United

States Department of Energy's Natural Gas

Conference held in March in Houston, Texas.

The Prudhoe Bay unit (PBU) and the Point

Thomson Unit (PTU) were identified as the most

likely source of gas on the North Slope with net

major gas sales volumes available for sale of

21 .8 trillion cubic feet and 3.2 tcf, respectively.

The impact of major ANS gas sales on current

and future oil production was then assessed

based on the two ANS gas sales scenarios. Be

cause major gas sales from PBU would take gas

presently used for oil recovery operations, oil

production could be stunted depending on the

startup timing of the gas sale. Also,
hydrocarbon liquids produced from the GTL

plant would be transported through TAPS-

lowering tariffs for crude oil shipments,

effectively increasing the wellhead oil price and

allowing more oil to be economically produced.

The LNG gas sales option and the GTL gas sale

option were then technically and economically
evaluated. The LNG option was modeled after

the proposed Trans-Alaska Gas System (TAGS)
project. The GTL technology used in this

assessment assumes the technology used in

Shell's Middle Distillate Synthesis Plant that has

been operating in Malaysia since 1993.

Method of Evaluation

Three scenarios were evaluated and compared

from the perspective of the field operators:
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Continue current mode of operation with

no major gas sales

The LNG gas sales option

The GTL gas sales option

If both the LNG and the GTL projects receive a

10 percent Rate Of Return (ROR), the most

economically attractive scenario is that which

gives the field operators the highest Net Present

Value (NPV) for the oil and gas sold. It is

important to include the revenue from oil sales

as well as gas because the oil revenues are

different for each of the three options. The

option which gives the operators the highest

NPV would be the highest rated option;

however, this conclusion should be tempered by
uncertainties in input parameters and with

respect to the risk associated with each option.

Economic Comparison of Three Scenarios

PBU Economics - Results shown in Table 1

compare PBU operations under three producing
scenarios. On an NPV basis, both gas sales op

tions show positive economics for PBU relative

to the no major gas sales option. The oil

revenue is higher for the no major gas sales

scenario because it is assumed that withdrawal

of gas for major gas sales starting in 2005 will

reduce the ultimate oil recovery by 400 million

barrels. Of the two gas sales scenarios, oil

revenues with the GTL option exceed those

attainable in the TAGS/LNG scenario by
$2.5 billion because of the benefits of GTL

liquids in reducing TAPS tariffs on all liquid

products shipped through the line. Conversely,

because the LNG project can support a higher

ANS gas price, the gas revenue is $9.8 billion

greater for the LNG option than for the GTL

option. The NPV using a discount rate of

10 percent (NPV10) for PBU under the no major

gas sales scenario is $8.6 billion, $11.1 billion

for the TAGS/LNG scenario and $10.4 billion for

the GTL scenario.

Point Thomson Unit Economics - Results in

Table 2 compare the two gas sales scenarios for

PTU. Gas sales from PTU lag 3 years behind

PBU to account for the assumed field develop
ment schedule. The NPV of the PTU field for

TABLE 1

PRUDHOE BAY UNIT ECONOMICS - SUMMARY

Economic Factor

Last year of oil production

Last year of gas production

Remaining oil reserves (billion bbl)
Gas reserves (tcf)
Unit investments ($billions)
Revenue from oil sales ($billions)
Revenue from gas sales ($billions)
Total revenue ($billions)
After-tax cash flow ($billions)
Discounted cash flow - NPV10 ($billions)

No Major Gas TAGS/LNG GTL

Sales Scenario Scenario Scenario

2,025 2,021 2,021

-- 2,036 2,036

4.2 3.8 3.8

0 21.8 21.8

1.8 1.8 1.8

56.1 48.8 51.3

0 31.5 21.7

56.1 80.3 73.0

17.6 31.5 27.4

8.6 11.1 10.4
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TABLE 2

POINT THOMSON UNIT ECONOMICS - SUMMARY

Economic Factor

Last year of oil production

Last year of gas production

Remaining oil reserves (billion bbl)
Gas reserves (tcf)
Unit investments ($billions)
Revenue from oil sales ($billions)
Revenue from gas sales (Sbillions)
Total revenue ($billions)
After-tax cash flow (Sbillions)
Discounted cash flow - NPV10 ($billions)

TAGS/LNG GTL

Scenario Scenario

2,021 2,027

2,027 2,027

0.18 0.21

3.2 3.2

0.9 0.9

2.3 3.4

3.9 2.9

6.2 6.3

2.3 2.3

0.35 0.33

gas sales to either gas sales scenario is almost

the same, $0.35 billion for the TAGS/LNG

scenario and $0.33 billion for the GTL scenario.

In the LNG scenario PTU condensate is

produced through 2021 and gas through 2027,

while in the GTL scenario PTU produces

condensate 6 years longer, throughout the life of

the GTL project. This difference in condensate

production life is a result of the shutdown of

PBU oil production in 2021
,
which would cause

a drastic increase in TAPS tariffs and the

inevitable shutdown of TAPS. Without GTL

production to adsorb a portion of TAPS

operating costs after the end of PUB oil

production in 2021 ,
TAPS tariffs would become

prohibitively high even if the pipeline could

continue to be operated at such low throughput

rates. Thus, condensate production would halt

in 2021 under the LNG option but continue to

completion under the GTL option. As a result,

PTU produces 26 million barrels more

condensate with gas sales to a GTL plant than

under the TAGS/LNG scenario.

Economic Sensitivity to Changes in Input

Variables

Sensitivity analyses were performed to evaluate

effects of changing various economic factors

that influence the economic viability of potential

gas utilization scenarios. At the same time they
also provide a measure of the effects that

potential cooperative efforts by state and federal

agencies and industry can have to foster ANS

gas utilization. Variables that were analyzed

include changes in:

e Total investment level

e Plant Operation and Maintenance (O&M)
costs

e State and federal taxes

e Royalty rates

e Product sales price

GTL efficiency
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PTU pipelines tariffs

LNG gas usage

BTU content of gas sold from PBU and

PTU

The most sensitive variable for the sale of PBU

gas to the LNG project as well as to the GTL

project is the state and federal tax burden. For

example, a 15 percent decrease in state and

federal tax burden on the sale of PBU gas to the

LNG plant would increase the incremental

NPV10 of this PBU option from $2.5 billion to

$4.0 billion, a $1 .5 billion increase. For the PTU

the gas product netback fraction, income taxes

and field development costs were the most

critical variables for both scenarios.

For the GTL conversion plant, the principal vari

ables were: overall plant efficiency, plant

investment, O&M costs, state and federal taxes

and liquid premium price. For the TAGS/LNG

project, project investment, LNG bonus and

BTU content were the most critical variables.

Flat Oil Price Analyses

In the previous analyses in this study, the

Energy Information Agency AE095 reference oil

price forecast was used. This forecast assumes

a 2.4 percent per year real growth in world crude

oil prices plus inflation. A flat oil price forecast

with no real growth in oil price was also used to

determine a break-even price for the two gas

sales projects using only gas from PBU.

Under the assumptions used in the analyses,

the LNG scenario would be economical (defined

as achieving a 10 percent ROR for both the gas

seller and buyer) given a flat oil price of

$19.36 per barrel, while the GTL scenario would

be economical at $19.94 per barrel. As the oil

price increases, LNG's 10 percent bonus be

comes progressively larger, whereas GTL's

$5 per barrel premium remains constant with in

creasing oil prices.

Conclusions

It appears that both the TAGS/LNG and the GTL

options outlined in this paper are economically

promising and warrant consideration. Because

the variables are subject to uncertainty, it is not

possible to conclude that one option is sig

nificantly better than the other.

Results are dependent on the particular oil price

forecast used. All three options evaluated for

the use of North Slope gas (no gas sales, sales

to an LNG project and sales to a GTL project)

appear to be economically viable when the

AE095 reference oil price forecast is used in

the analyses. However, using a flat oil price

forecast of $19 per barrel or below, neither of

the two gas sales options are economically

viable; both options are viable with a flat oil

price forecast of $20 per barrel or higher.

The future market for LNG is less certain than a

potential market for GTL products.

The conclusion from this assessment is that

GTL conversion technology appears to be

feasible and could be deployed within a

meaningful timeframe to sustain ANS and TAPS

oil operations for 20 or more years beyond what

might be anticipated without GTL.

TECHNOLOGY

CATALYTIC ROUTES DEFINED FOR

TRANSPORTATION FUELS FROM NATURAL

GAS HYDRATES

Clathrate hydrates of natural gas cover a vast

expanse of Earth, primarily being found in per

mafrost and deep waters (>200 meters). It is

estimated that hydrates hold about 10,000

gigatons (or 53 percent) of Earth's total

combustible (organic) carbon. Interest in gas
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hydrates as a fuel source is steadily growing

with: 1) an impressive quantity of remarkably

pure methane gas hydrate that was retrieved

offshore of Newport, Oregon, and 2) Japan's

multimillion dollar commitment to recover

methane from the sea surrounding Hokkaido.

Because gas hydrates are stable only under

certain temperature (<20C) and pressure (>2

MPa) conditions, the extraction and utilization of

natural gas from hydrates poses a challenge.

J.Wegrzyn, of Brookhaven National Laboratory,
et al. discussed catalytic conversion routes of

gas hydrates into higher-valued liquid

transportation fuels of interest at the 214th

American Chemical Society National Meeting
held in Las Vegas, Nevada, in September.

Product Options from Natural Gas Hydrates

The published literature emphasizes that gas

hydrates contain other lower hydrocarbons

(C2H6, C3H8 ) in addition to CH4, and natural

gas hydrates contain 46 H20 molecules per unit

cell. On the basis of its composition, this trans

lates into CHVH20 mol ratio of 1 :23. Excluding

any additional contribution of H20 from the sur

roundings, 3.9 weight percent CH4 is expected

at the point source.

The economical recovery of this dilute CH4 is a

challenge because CH4 release from the

hydrate cavity must involve breaking the H-

bonded lattice. This scenario is created wherein

CH4 bubbles out of H20 at the subsurface with

changing temperature and pressure conditions.

The released CH4 is expected to be saturated

with H20 and this feedstock becomes available

at the surface. For utilization of "aqueous
CH4"

(a term used for H20 saturated CH4), several

options are available:

e Option 1 involves liquid/gas separation

to allow CH4 to be used directly as a

gaseous fuel. Here, the economics will

depend on the cost of H20/CH4 separa

tion followed by a pipeline option to

transport this gas to customers.

Option 2 envisions CH4 conversion into

liquid fuels to avoid pipeline transport of

gas from permafrost or offshore loca

tions.

Direct conversion of CH4 to liquids is considered

uneconomical. However, liquid fuels can be

produced via the indirect route where synthesis

gas or syngas is first produced followed by
catalytic conversion to products. In the case of

gas hydrates, conversion of available aqueous

CH4 to syngas via commercial steam reforming

technology is the logical choice.

Synthesis to Transportation Fuels

Gas-hydrates-to-fuels technologies are envi

sioned for the following applications:

e On-land skid-mounted units (e.g., for

permafrost)

e Offshore on-ship floating units (e.g., for

deep sea gas and for earthquake-prone

land mass if proximity of nearby water

body allows)

These constraints and environmental considera

tions dictate that the selected processes for syn

thesis of fuels are highly efficient and selective

with minimum input of energy. This leads one

to consider methanol (MeOH), Fischer-Tropsch

(F-T) diesel and dimethyl ether (DME) as viable

transportation fuels for catalyzed synthesis from

natural gas hydrates.

According to the authors, an economical

harvesting of untapped energy stored in natural

gas hydrates could become a reality if the

conversion process possesses the following
seven characteristics:

e Low temperature operation

e Low pressure operation

e High gas conversion per pass to eliminate

recycle

e High productivity

e High selectivity
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Catalyst tolerance to high water content,

H2S and other impurities

Overall high process efficiency when

compared to liquefied natural gas option

At Brookhaven National Laboratory, a research

program has been under way that is addressing
the Liquid Phase Low Temperature (LPLT) con
cept to allow development of homogeneous liq
uid phase or nanometer particle slurry-phase

catalysts. A successful example is a

homogeneously catalyzed liquid phase

synthesis of MeOH in which >90 percent per

pass gas conversion is achieved at <150C and

<5 MPa with >95 percent MeOH selectivity and

high reaction rates. Such a technology, if

developed commercially, would be ideal for

application to both on-land and offshore gas

hydrate reserves. A similar technology could be

developed to produce DME, say Wegrzyn et al.

If these technological challenges are met, a vast

source of clean energy will become available in

the 21st century.

INTERNATIONAL

GIANT NORWEGIAN METHANOL PLANT

COMES ON STREAM

This past summer Norway's Den Norske Stats

Oljeselskap A.S. (Statoil) and Conoco Inc. dedi

cated a $1 billion methanol plant at Tjeldbergod-

den, Norway, providing a customer for about

22 billion cubic feet per year of associated gas

production from Heidrun field off central

Norway.

One of the world's largest methanol plants, the

complex's capacity of about 6 million barrels per

year equates to 15 percent of Europe's annual

consumption. All plant output for 1997-1998

has been sold.

The plant converts natural gas to synthesis gas,

then to raw methanol through a catalytic process

before distillation into finished methanol. Next

to the methanol plant is Scandinavia's largest

air separation plant, capable of producing pure

oxygen, nitrogen and argon.

Conoco owns 18.125 percent of the methanol

plant, Heidrun field and the Haltenpipe pipeline

to shore and 1 1 .88 percent of the air separation

plant. Statoil is development operator for the

methanol complex.

Norway's Statoil is also considering a second

methanol plant and expanding into methanol

derivatives production. A second unit would

make use of excess gas from the Heidrun field

which is supplying only one-third (700 million

cubic meters) of its capacity to the new

methanol plant. A time-scale for a second plant

has not been revealed.

RESOURCE

NATURAL GAS COULD BECOME ENERGY

PROBLEM RATHER THAN SOLUTION

In Newsletter #97/3 from the Colorado School of

Mines M. King Hubbert Center for Petroleum

Supply Studies, J. Riva, a petroleum geology

consultant from Virginia, discusses the outlook

for natural gas.

Currently, short-term natural gas production is in

relative balance with demand, after a period of

surplus capacity caused by a combination of

energy conservation and industrial fuel

switching away from gas. Natural gas is now a

preferred fuel, offering environmental

advantages over other fossil fuels and, with the

1987 modifications of the Fuel Use Act, it is

expected to play an increasingly important role

in the future domestic energy mix. In its Annual

Energy Outlook, the Energy Information

Administration (EIA), in its reference case,

projected that Lower 48 State gas production

would increase from 18.07 trillion cubic feet (tcf)
to 25.52 tcf in 20 years.
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Additional drilling will be required to meet the

EIA projection of a Lower 48 State output of

25.52 tcf of gas by 2015. Current average

Lower 48 State annual per-well gas production

is 60 million cubic feet (cf) from just over

294,000 wells. If average annual per-well gas

production remains at 60 million cf, some

425,300 producing gas wells would be needed in

2015 to meet the EIA projection. Assuming that
two wells must be drilled for gas to net one

additional gas producing well, an average of

about 13,100 wells would have to be drilled for

gas each year for the next 20 years to achieve

the EIA reference case. Including an average

annual per-well gas output decline of 20 percent

over the next 20 years, some 638,000 producing
gas wells would be needed, requiring the drilling
of about 31 ,900 wells per year.

In the 1980s, which included a drilling boom, an
average of 17,940 wells were drilled annually for

natural gas in the Lower 48 States. In the 1990s

the average fell to 12,090. While the drilling of

an average of 13,100 gas wells should not

present a significant difficulty, especially with

rising gas prices, the drilling of 31 ,900 wells per

year will be virtually impossible, says Riva.

Also, in spite of the large number ofwells drilled

during the 1980s, proved gas reserves

increased very little.

To achieve the EIA reference case (a Lower 48

State gas production increase to 25.52 tcf in

20 years) requires increasing gas production

each year. When each year's output is added,

the total amount of gas produced over the 20-

year period is about 442 tcf (see Table 1). At

the current R:P (Reserves:Production) ratio of

9:1, any increase in gas production must be

accompanied by 9 times as much gas added to

proved reserves. The proved gas reserves

necessary to support an output of 25.52 tcf is

about 230 tcf. Thus the total proved gas

reserves needed to support the EIA forecast is

672 tcf.

Current proved reserves are about 156 tcf (see

Table 1). Assuming that the currently producing

gas fields will have experienced half of their

maximum growth during the next 20 years, an

additional 145 tcf of reserve additions would be

realized, says Riva.

This leaves 371 tcf of gas reserves needed to

meet the EIA projection. EIA has estimated that

about 4 tcf of 2015 gas production will come

from continuous-type (unconventional) deposits.

Because these are mostly known, 4 x 9 = 36 tcf

of reserve additions may not be needed. Thus,

some 335 tcf of proved reserve additions must

be accounted for by finding new fields.

However, over the past 10 years a total of only
14.24 tcf of gas has been added to proved

reserves from new field discoveries. At this

rate, it would take 235 years to discover 335 tcf

of gas! To find that volume of gas in 20 years

(even considering the potential growth of the

new fields), the past decade's discovery rate

would have to be increased by an order of

magnitude.

Conclusions

If Lower 48 State proved gas reserves are

reported to EIA with reasonable accuracy, and

inferred reserves (field growth) and

undiscovered gas resources as assessed by the

Department of the Interior prove generally

reliable, it will not be possible to increase gas

output to 25.52 tcf in 2015. It would require

finding and converting all of the assessed

(mean) undiscovered gas resources to proved

reserves in 20 years, as well as experiencing

half of total estimated field growth. It is

probably over-optimistic even to project

sustainable gas production for the next

20 years. However, federal Outer Continental

Shelf (OCS) drilling offers a chance of finding
large gas fields with high recovery rates. Such

large discoveries will be needed in all OCS

regions or, by early in the next century, natural

gas will have become more of an energy
problem than an energy solution.
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TABLE 1

LOWER-48 STATES NATURAL GAS NEEDED FOR EIA

YEAR 2015 REFERENCE CASE PRODUCTION PROJECTIONS

2015 Projected Gas Production

2015 Proved Gas Reserves (R:P = 9:1)
Total Gas Produced, 1 996-201 5

Total Reserves Needed for Reference Case

Available Natural Gas Reserves

1995 Proved Reserves

Producible Unconventional Reserves

Available Reserves

Additional Gas Needed (672-192)
1/2 Inferred Reserves (total 290 tcf)
Reserves Needed from New Fields

Undiscovered Recoverable Lower-48 States

Gas Resources (mean)
Onshore and StateWaters

Federal Outer Continental Shelf

Total Conventional Undiscovered Resources

Unconventional Gas Deposits

Continuous-type Onshore Clastic Deposits

Continuous-type Onshore Coal Deposits

Note: The amount of gas reserves needed from new fields (335 tcf) is greater than
the total (mean) amount of undiscovered recoverable conventional gas resources

assessed by the Department of the Interior (332 tcf).

Gas Source of

Quantitv ftcf) Estimate

25.52 EIA

230

442

672

156 EIA

36 EIA

192

480

145 USGS

335

190 USGS

142 MMS

332

308 USGS

50 USGS

USGS ESTIMATES GAS HYDRATE like structure, or clathrate. For a complete

RESOURCES AT 300,000 TRILLION CUBIC description of the structure and properties of

FEET hydrates, see the summary in a related article in

this issue of The Sinor Synthetic Fuels Report.

Gas hydrates are crystalline substances com- Gas hydrates are widespread in permafrost

posed of water and gas, in which a solid water- regions and beneath the sea in sediment of

lattice accommodates gas molecules in a cage- outer continental margins. While methane,
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propane and other gases can be included in the

clathrate structure, methane hydrates appear to

be the most common in nature. The estimated

amount of gas in hydrate reservoirs of the world

greatly exceeds the volume of known

conventional gas reserves.

Most of the published gas hydrate resource es

timates have by necessity been made by broad

extrapolation of only general knowledge of local

geologic conditions. The primary objectives of

the gas hydrate research efforts in the United

States Geological Survey (USGS) are to docu

ment the geologic parameters that control the

occurrence of gas hydrates and to assess the

volume of natural gas stored within the onshore

and offshore gas hydrate accumulations of the

United States. The USGS assessment of in-

place gas hydrate resources of the United

States was summarized by T. Collett of the

USGS at the 213th American Chemical Society
National Meeting held in San Francisco,

California, in April.

The formation and occurrence of gas hydrates is

controlled by formation temperature, formation

pore-pressure, gas chemistry, pore-water

salinity, availability of gas and water, gas and

water migration pathways, and the presence of

reservoir rocks and seals. All of these were

taken into consideration in the USGS

assessment.

Gas Hydrate Resource Assessment

In this assessment, 11 gas-hydrate plays were

identified within four offshore and one onshore

petroleum provinces (Figure 1); for each play,

in-place gas hydrate resources (that is, the

amount of gas that may exist within the gas

hydrates without reference to its recoverability)

were estimated. Estimates for each of the 1 1

plays were aggregated to produce the estimate

of total gas-hydrate resources in the United

States. The offshore petroleum provinces as

sessed consist of the United States Exclusive

Economic Zone (EEZ) adjacent to the Lower

48 States and Alaska. The only onshore

province assessed was the North Slope of

Alaska, which included state water areas and

some offshore federal waters. The provinces

FIGURE 1

GAS HYDRATE PLAIT

MAP OF THE UNITED STATES

SOURCS: COUUETT

shown in Figure 1 are geographic in character;

however, their formation represents an attempt

to group the individual petroleum provinces

along broad geologic lines.

The estimates of in-place gas-hydrate resources

included in this report are presented in the form

of complementary cumulative probability dis

tributions. In-place gas resources within the gas

hydrates of the United States are estimated to

range from 112,765 to 676,110 trillion cubic feet

of gas, at the 0.95 and 0.05 probability levels,

respectively. Although these ranges of values

show a high degree of uncertainty, they do indi

cate the potential for enormous quantities of gas

stored as gas hydrates. The mean in-place

value for the entire United States is calculated

to be 320,222 trillion cubic feet of gas.

MORE BASIC RESEARCH NEEDED ON GAS

HYDRATES

E. Sloan, Jr. of the Colorado School of Mines

discussed gas hydrate properties at the 213th

American Chemical Society National Meeting
held in San Francisco, California, in April.

THE SYNTHETIC FUELS REPORT. OCTOBER 1997

94



 



NATURAL GAS

Gas clathrates are crystalline compounds which

occur when water forms a cage-like structure

around smaller guest molecules. While they are

more commonly called hydrates, these non-

stoichiometric clathrate hydrates of gas are dif

ferent than other stoichiometric hydrate com

pounds which occur for example, when water

combines with various salts.

Gas hydrates of current interest are composed

of water and the following eight molecules:

methane, ethane, propane, isobutane, normal

butane, nitrogen, carbon dioxide and hydrogen

sulfide.

Hydrate Crystal Structures

Hydrates normally form in one of three

repeating crystal structures shown in Figure 1 .

Structure I (si), a body-centered cubic structure,

forms with small natural gas molecules found in

situ in deep oceans. Structure II (sll), a

FIGURE 1

THREE HYDRATE UNIT CRYSTALS AND CONSTITUENT CAVITIES
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diamond lattice within a cubic framework, forms
when natural gases or oils contain molecules

larger than ethane but smaller than pentane.

Structure sll represents hydrates which

commonly occur in hydrocarbon production and

processing conditions, as well as in many cases

of gas seeps from faults in ocean environments.

The newest hydrate structure H, named for the

hexagonal framework, has cavities large enough

to contain molecules the size of common com

ponents of naphtha and gasoline.

Table 1 provides a hydrate structure summary
for the three hydrate unit crystals (si, sll and sH)
shown in Figure 1. The crystal structures are

given with reference to the water skeleton, com

posed of a basic "building
block"

cavity which

has 12 faces with five sides per face, given the

abbreviation 512. By linking the vertices of
512

cavities one obtains si; linking the faces of
512

cavities results in sll, while in sH a layer of

linked
512

cavities provides connections.

Interstices between the
512

cavities are large

cavities which contain 12 pentagonal faces and

either 2, 4 or 8 hexagonal faces. In addition sH

has a cavity with square, pentagonal and

hexagonal faces. Figure 1 depicts the five

cavities of si, sll and sH. In Figure 1 an oxygen

atom is located at the vertex of each angle in

the cavities; the lines represent hydrogen bonds

with which one chemically bonded hydrogen

connects to an oxygen on a neighbor water

molecule.

Inside each cavity resides a maximum of one of

the small, guest molecules, typified by the eight

guests associated with 46 water molecules in si.

Mechanical Properties ofHydrates

As may be calculated via Table 1 ,
if all the

cages of each structure are filled, all three

hydrates have the amazing property of being

approximately 85 percent (mole) water and

15 percent gas. The fact that the water content

is so high suggests that the mechanical

properties of the three hydrate structures should

be similar to those of ice. This conclusion is

true to a first approximation, with the exception

of thermal conductivity and thermal expansivity.

TABLE 1

GEOMETRY OF CAGES IN THREE HYDRATE CRYSTAL STRUCTURES

Hydrate Crystal Structure 1 I I H

Cavity Small Large Small Large Small Medium Large

Description
512

s12^
512

W
512

4W
s12**8

Number ofCavities/Unit Cell 2 6 16 8 3 2 1

Average Cavity Radius, A 3.95 4.33 3.91 4.73
3.913 4.063 5.713

Variation in
Radius1

,
% 3.4 14.4 5.5 1.73 Not Available

Coordination
Number2 20 24 20 28 20 20 36

Number ofWaters/Unit Cell 46 136 34

1 . Variation in distance of oxygen atoms from center of cage.

2. Number of oxygens at the periphery of each cavity.

3. Estimates of structure H cavities from geometric models.
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Guest:Cav'rty Size Ratio

The hydrate cavity occupied is a function of the

size ratio of the guest molecule within the

cavity. For the guestcavity size ratio for

hydrates formed of a single guest component in

si or sll:

The sizes of stabilizing guest molecules

range between 0.35 and

0.75 nanometers. Below 0.35 nano

meters molecules will not stabilize si and

above 0.75 molecules will not stabilize

sll.

e Some molecules are too large to fit the

smaller cavities of each structure.

e Other molecules such as ChU and N2 are

small enough to enter both cavities when

hydrate is formed of those single com

ponents.

e The largest molecules of a gas mixture

usually determine the structure formed.

For example, because propane and i-

butane are present in many thermogenic

natural gases, they will cause sll to form.

Molecules which are close to the hatched

lines separating the cavity sizes appear to

exhibit the most non-stoichiometry, due to

their inability to fit securely within the

cavity.

A size ratio (guest molecule:cavity) of ap

proximately 0.9 is necessary for stability of a

simple hydrate. When the size ratio exceeds

unity, the molecule will not fit within the cavity

and the structure will not form. When the ratio

is significantly less than 0.9 the molecule cannot

lend significant stability to the cavity.

Phase Equilibrium Properties

Evaluation of the phase equilibrium properties

of methane + propane mixtures shows that

hydrate stability at the three-phase liquid water

+ hydrates + gas equilibrium pressure depends

exponentially on temperature. In addition, as

any amount of propane is added to methane the

structure changes (si -> sll) to a hydrate with

much wider stability conditions. For example a

50 percent decrease in pressure is needed to

form sll hydrates, when as little as 1 percent

propane is in the gas phase.

Heat ofDissociation

The heat of dissociation (AHd) is defined as the

enthalpy change to dissociate the hydrate phase

to a vapor and aqueous liquid, with values given

at temperatures just above the ice point. For si

and sll, AHd is a function mostly of crystal

hydrogen bonds, but also of the cavity occupied

within a wide range of component sizes.

As one illustration, simple hydrates of C3H8 or

r-C4H10 have similar AHd of 129 and

133 kilojoules per mole, although their

size.cavity ratios are somewhat different (0.943

and 0.976). In fact, most natural gases (which

form sll) have similar values of AHd. Similarly,
over a wide range of composition for mixtures of

methane and ethane, AHd values are similar

(74 kJ/mol) for components entering both

cavities of si.

Challenges for Future Research

While many time-independent properties of si

and sll hydrates are known, those for newer

structures (e.g., sH) are just beginning to be ex
plored. The time-dependent characteristics of

all three hydrate structures are largely
unspecified and kinetic models to date appear to

be apparatus-dependent. Thus, there are two

imminent challenges for future research, notes

Sloan:

e Characterization of the hydrate phase

both in the laboratory and in the field.

e Characterization of the kinetics of

hydrates formation and dissociation.
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