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GENERAL

CORPORATIONS

TEXACO PLANS BIG INCREASE IN

GASIFICATION ACTIVITIES

In a meeting with securities analysts at the

company's White Plains, New York, headquar

ters, Texaco Inc. said that it expects to more

than double spending on power generation and

on its gasification technology by 2004. Equity
investment in Texaco Energy Systems will grow
to $1 .1 billion. It is expected that the division

will eventually contribute 10 percent of Texaco's

total profit.

Texaco Energy Systems is also working on fuel

cell and gas-to-liquids technologies.

The company says it is investing heavily in the

power generation and gasification business be

cause of its annual average of 13.9 percent re

turn on capital over the past 5 years. By con

trast, Texaco's total corporate return over the

period, as an annual average, was 9.8 percent.

The business also provides steady returns, in

contrast to the gyrations created by volatile oil

prices.

Texaco claims it has 55 percent of the gasifica

tion market. It currently has a backlog of

60 projects valued at $1 .2 billion. The com

pany, which once only licensed the technology,

said it now is taking equity stakes in the projects

because of the high returns.

Texaco currently is involved in electricity proj

ects with total power generation of about

8,500 megawatts, about the size of a small util

ity.

Gasification Plant in Singapore

Texaco announced the closing of $175 million

of project financing for a gasification plant on

Jurong Island, Singapore. Singapore Syn

gas Re Ltd., a 50/50 joint venture of affiliate

companies to Texaco Inc. and Messer Gri-

esheim GmbH, was formed in 1998 to construct,

own and operate this facility. Construction cur

rently is 75 percent complete with commercial

operation anticipated by mid-2000.

Utilizing the Texaco Gasification Process, the

plant will gasify approximately 550 metric ton

nes per day of high-sulfur refinery fuel oil from

the Singapore Refining Company to produce

900 metric tonnes per day of carbon monoxide

for sale to the new Celanese acetic acid plant,

which is also located on Jurong Island, under a

long-term purchase agreement. The gasifica

tion plant will also supply up to 25 million stan

dard cubic feet per day of high purity hydrogen

back to the refinery.

SHELL, WOODSIDE AND METHANEX TO

SUPPLY NATURAL GAS FOR AUSTRALIAN

SYNGAS FACILITY

In March Shell Development Australia, Wood-

side Energy Ltd. and Methanex Corporation

signed a Letter of Intent that specifies the key
terms for supply of approximately

110peta-

joules of natural gas per year for a proposed

large-scale synthesis gas (syngas) generation

facility near Darwin, Australia. Completion of a

definitive agreement is subject to certain condi

tions including verifying the availability of gas

reserves, receiving the necessary regulatory

approvals, obtaining commitments to the project

from other natural gas customers, and receiving

infrastructure and other support from the Aus

tralian Government.

Shell andWoodside are partners in the Northern

Australia Gas Venture (NAGV) which was

formed to commercialize Australia's natural gas

resources. Shell and Woodside hold substantial

interests in a number of discovered and poten

tial gas fields in the Timor Sea off the Northern

coast of Australia. Methanex, the world's larg
est producer and marketer of methanol, is ex

ploring product and technology options for this

proposed syngas project including methanol,

hydrogen and gas-to-liquids. Methanex, with

the cooperation of the NAGV, is also seeking
downstream customers for methanol for produc-
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tion of ethylene and propylene, and for hydro

gen for production of ammonia.

Work will commence immediately on the proj
ect. Methanex will establish an office in Darwin,
and Woodside, as operator of the NAGV, will

undertake additional work on the Timor Sea gas

resources. Further technical and commercial

work will be undertaken by all parties, who will

work together to achieve the milestones neces

sary for the project to proceed. A final decision

on the project is expected in 2002 and startup of

the syngas facility is planned in 2005.

GOVERNMENT

ENERGY POLICY ACT GOALS WILL NOT BE

MET, ACCORDING TO GAO

The United States General Accounting Office

(GAO) has released a report documenting what

it says is the "limited
progress"

the nation has

seen to date in complying with the goals and

mandates of the Energy Policy Act of 1992

(EPACT). EPACT set goals for replacing the

use of petroleum fuels by 10 percent by the

year 2000 and by 30 percent by the year 2010.

EPACT also required that a certain percentage

of the vehicles acquired each year by fleet op
erators be alternative fuel vehicles. In addition,

President Clinton in 1993 and again in 1996 is

sued Executive Orders directing federal agen

cies to implement aggressive plans to fulfill the

Act's requirements.

GAO's analysts found that, while Congress and

the President mandated the purchase of alter

native fuel vehicles by federal agencies, they

did not provide agency heads with increased

budgets for the more expensive vehicles. As a

result, federal agencies report "mixed
results"

in

meeting the mandates. Some agencies are ex

ceeding their yearly mandates; others have ac

quired very few or no alternative fuel vehicles at

all. For example, in 1998 the total number of

alternative fuel vehicles acquired to meet the

mandates set for state and federal agencies and

fuel providers was 14,205; the United States

Postal Service alone accounted for 10,000 of

these when it purchased ethanol-powered vehi

cles for mail delivery.

And even though a federal agency might pur

chase the requisite number of vehicles, GAO

says, this is no guarantee the fleet managers

will purchase alternative fuels. "Fleet managers

or drivers often run their alternative fuel vehi

cles on gasoline. In some cases, fleet manag

ers have had to run the vehicles on gasoline

because there were no refueling stations for al

ternative fuels in the area. In other cases, fleet

managers used gasoline because they had con

cerns about the safety or reliability of alternative
fuels."

The lack of refueling stations that provide alter

native fuels has been a major impediment to

using alternative fuel vehicles. Officials from

federal agencies and state governments who

administer vehicle fleets cited the lack of a re

fueling infrastructure more than any other im

pediment to using alternative fuels. Because of

the lack of demand for alternative fuel vehicles,

owners of refueling stations are reluctant to pro

vide facilities to refuel them. In addition the

high cost of providing some alternative fuels at

existing refueling stations reduces station own

ers'

willingness to provide the facilities. For ex

ample, building facilities to provide compressed

natural gas costs approximately $300,000

significantly more than the cost of refueling sta

tions for gasoline, ethanol or methanol. Con

versely, the lack of refueling stations for alter

native fuels makes it less convenient for the

general public to obtain the fuels, and, thus,

deters the general public from buying the vehi

cles.

The number of refueling stations for alternative

fuels in the United States is far below the level

that would be necessary to support the Act's

goals for fuel replacement (see Figures 1

and 2). DOE has estimated that the number of

alternative fuel refueling stations necessary to

reach the Act's 30-percent goal by 2010 ranges

from 60,000 to 69,300. This represents more
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FIGURE 1

DENSITYOFREFUELING STATION8 F0R6A80LINE , 1999

Note: Each dot represents 1 0

refueling stations in the state,

rounded up to the next highest

10 (e.g. a state with 1 1 stations

would receive 2 dots). Dots do

not correspond to the geographic

location of stationswithin a state.

SOURCE: GAO

FIGURE 2

DENSITYOF REFUELING STATIONS FORALTERNATIVE FUEL8 . 1999

Note: Each dot represents 1 0

refueling stations in the state,
rounded up to the next highest
10 (e.g. a state with 11 stations

would receive 2 dots). Dots do

not correspond to the geographic

location of stationswithin a state.

SOURCE: OAO
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than 10 times the number of refueling stations

for alternative fuels thatwere available in 1999.

GAO says that, if the real goal of the authors of
EPACT had been to reduce petroleum use, per

haps they should have simply written a require

ment into the Act that fleets reduce gasoline

consumption, rather than the requirement that

fleets acquire alternative fuel vehicles.

Another problem with this requirement is that

fleets subject to the Act's mandates could not

satisfy their requirements by using emerging

technologies, such as hybrid electric vehicles,

which claim fuel efficiencies ranging from 50 to

more than 70 miles per gallon. The EPACT,

however, excluded this kind of vehicle from the

definition of "alternative fuel
vehicle"

because

they can also run on petroleum fuels, not just on

the alternative fuels the government sought to

promote.

GAO sees no chance of success for the goal of

replacing 10 percent of petroleum fuels with al

ternative fuels in 2000, and little or no chance

the 30 percent replacement goal by 2010 will be

met. The report cites statistics from the De

partment of Energy's (DOE) Energy Information

Administration that, ofthe estimated 212 million

vehicles on the road in the United States

in 1998, only 1 million, or about 0.4 percent,

were alternative fuel vehicles. DOE estimates

that in 1998 alternative fuels replaced about

334 million gallons of gasoline, or about

0.3 percent of the total gasoline consumed that

year. In addition, about 3.9 billion gallons of

ethanol and methanol were blended with gaso

line and used in conventional vehicles in 1998,

for a total of 4.2 billion, or approximately

3.6 percent of all highway gasoline use.

The report concludes that consumers will pur

chase alternative fuel vehicles only if gasoline

prices become so high that the increased

spending on gasoline surpasses all the added

costs of purchasing and driving alternative fuels.

Market forces alone, says GAO, will not make

this happen. "In an analysis conducted for

GAO, DOE estimated that even if crude oil

prices [were to go as high as $40] per barrel,

alternative
fuels'

share of the market among

transportation fuels would not
increase."

DOE ISSUES SOLICITATION FOR "ULTRA-

CLEAN"

FUELS

In February the United States Department of

Energy (DOE) launched a $75-million research

program to develop new ways of producing ul

tra-clean fuels and better pollution control de

vices for tomorrow's cars and trucks.

A key objective to the initiative is to verify that

fuel processing technologies to meet the tighter

gasoline standards will perform as expected.

Many of these new approaches are still on the

drawing boards and have yet to be tested at

significant levels. Similarly, producing
low-

sulfur diesel fuel, which could be used in more

energy-efficient engines, will require new fuel

processing technologies and clean-buming ad

ditives to enhance vehicle performance, espe

cially when used with new emission control

technologies.

The DOE is asking for proposals in any of three

categories:

Projects that produce ultra-clean fuels

from a variety of energy resources

conventional crude oil, petroleum coke,

refinery wastes, natural gas, or coal

and verify the performance of these fuels

by testing in engines

Projects that develop innovative emis

sion control systems and verify their

performance in engine tests

Longer-range projects that could lead to

innovative fuel making processes, com

ponents, materials or technologies that

refineries and automakers could incorpo

rate into future fuel, engine, and emis

sion control systems
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The projects should focus on establishing the

database needed to design, construct and oper

ate innovative, precommercial-scale, clean fuel

production facilities that are intended to be ei

ther stand-alone or integrated with an existing

facility such as a refinery. These facilities

should be capable of producing ultra-clean

transportation fuel in quantities sufficient for

validation of fuel quality and process options.

This may include laboratory testing and/or test

ing in fully instrumented, existing vehicle pow

erplants and advanced fuel/engine combina

tions.

All fuels produced in the new program must be

compatible with the United
States'

existing

transportation system infrastructure.

The ultra-clean fuels initiative also will address

another challenge facing most United States

refineries today the declining quality of the

crude oils. Crude oil produced in the United

States and in neighboring countries is becoming

increasingly heavier (thicker) and higher in sul

fur content, making it more difficult to process

into clean-buming fuels.

The DOE is requiring the formation of research

teams made up of technology developers, fuel

suppliers, engine or vehicle manufacturers,

catalyst suppliers and emission control system

developers. The effort will be conducted in

conjunction with the Partnership for a New Gen

eration of Vehicles, a government/industry ini

tiative to develop vehicles that are 3 times more

efficient than conventional cars (i.e., up to

80 miles per gallon). Ultra-clean diesel fuels

could offer a way for these new vehicles to meet

the tighter emission standards without compro

mising safety, performance or affordability.

DOE expects to provide up to $75 million to

support work under this solicitation between

federal fiscal years 2000 and 2005. Periods of

performance for all projects are expected to be

between 3 and 5 years. Industry partners are

required to share 35 to 50 percent of a project's

cost, depending on the type of project. Each

award could earn up to $15 million.

The DOE will evaluate proposals in two time

periods. The first evaluation will be for propos

als received by June 30, 2000. A second

evaluation will be conducted on proposals re

ceived by December 1, 2000.

DOE SELECTS FIRST VISION 21 PROJECTS

In March the United States Department of En

ergy (DOE) selected the first industry-led design

and engineering projects under the department's

Vision 21 program. Rather than producing a

single product from a single fuel, Vision 21

plants would be capable of processing a wide

range of fuels such as coal, natural gas, bio

mass or municipal wastes and generating multi

ple forms of energy such as electricity, trans

portation fuels and chemicals. The energy

plants would produce virtually no emissions.

Four of the projects will focus on key technolo

gies that could eventually become some of the

critical "building
blocks"

for a Vision 21 plant.

The other two projects will develop advanced

methods for designing Vision 21 plants and in

tegrating the key modules using new computer

processes.

Final funding amounts will be determined in up

coming contract negotiations. In each project,

the industrial partner will contribute from 20 to

33 percent ofthe total project cost.

The sot projects were selected in the first of four

rounds of competition now under way in the Vi

sion 21 program. The department plans to se

lect three more rounds of projects during the

next 12 months from the current solicitation,

which remains open until September.

A brief summary of each of the projects is pre

sented below.

Critical Components for Direct Fuel Cell/

Turbine Ultra-High-Efficiency System

The project team headed by FuelCell En

ergy Inc. proposes to create a fuel cell/turbine
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system that provides efficiencies and emissions

targets that meet or exceed stringent Vision 21

goals. Sub-scale tests of the fuel cell/hybrid

system would be performed to yield data for

integrating an existing 250-kilowatt fuel cell

stack with a commercially available mirco-

turbine, and a conceptual design of a

40-megawatt Vision 21 ultra-high-efficiency
powerplant would be outlined. An attractive

feature of the proposed system is that it allows

the fuel cell and turbine modules to operate at

independent pressures and, therefore, enhance
system performance. The fuel cell hybrid sys

tem has merit as a stand-alone, distributed or

central-power-generation unit.

Zero Emissions Powerplants Using SOFCs
and Oxygen Transport Membranes

Seimens Westinghouse Power Corporation, in

conjunction with Praxair Inc., proposes to de

velop a technology that would create zero-

emissions Vision 21 powerplants using Solid

Oxide Fuel Cells (SOFCs) and ceramic oxygen

transport membranes. The approach modifies

the design of a tubular SOFC module by in

cluding an afterburner stack of tubular oxygen

transport membranes. Oxygen transported

through the membrane would be used to oxidize

the SOFCs depleted fuel, converting it into car

bon dioxide and steam. The carbon dioxide can

then be easily separated for eventual seques

tration by condensing the steam.

Advanced Hydrogen TransportMembranes

for Vision 21 Fossil Fuel Plants

This project headed by Eltron Research Inc.

consists of developing an environmentally be

nign, inexpensive, efficient method of separat

ing hydrogen from coal gasification gas streams

by using dense ceramic membranes based, in

part, on Eltron-patented materials that have al

ready demonstrated an ability for rapid proton

and electron conduction. The technical chal

lenge is to create materials that enhance con

ductivity and stability, to develop thin ceramic

structures that achieve hydrogen-separation

rates comparable to those used in industrial

processes. The effort includes catalysis, ce

ramic-processing methods and high-pressure

separation unit design.

To Fabricate and Test an Advanced

Non-Polluting Drive Gas Generator

Clean Energy Systems Inc. seeks to design and

test a 10-megawatt high-temperature gas gen

erator to be used in a high-efficiency
power-

plant. Based on a rocket engine design, the

generator uses a clean gas that is burned with

oxygen. With water injected to cool the com

bustor, a high-temperature, high-pressure gas

containing more than 90 percent water (steam)
would be produced. This gas would be fed to an

advanced turbine, which needs to be developed

and is not part of this project. Engineering
challenges include building a device that is able

to mix water and oxygen
"perfectly,"

combine

water and combustion products in a precise

manner, and design a combustor with long-life

operation.

Systems Integration Methodology

National Fuel Research Center and other pro

posers outline a two-step approach in which two

computer software programsdesigned to

analyze all possible fossil-fuel-based combus

tion systems applicable to a Vision 21 power-

plant eliminate the deficiencies associated

with current computer models. In Part I, using
two computer programs already successfully
applied to DOE's Advanced Turbine Systems

and High Performance Power Systems pro

grams, the proposers would first identify and

analyze prospective power cycles with high effi

ciency and environmental performance. Part II

would consist of non-technical issues affecting

system integration, such as tradeoffs between

capital and operating costs. In this way, impor

tant features that would improve plant opera

tions at the cost of nominal plant efficiency
would be explored, identified and factored into

plant designs.

Software Integration for V7s/on 21 Virtual

Demonstration

Fluent Inc. proposes to develop interfaces be

tween computer models as a step toward build-
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ing a full-function Vision 21 plant design. This

effort involves creating an integrated software

system capable of linking hierarchy models to

allow seamless integration of flow-sheet models
with more detailed Computational Fluid Dy
namics codes so that more efficient Vision 21

systems may be designed. In addition to Fluent,
ABB Alston Power would attempt to link its pro

prietary design codes to the execution code.

ENERGY POLICY AND FORECASTS

WORLD BASE OF 366 GASIFIERS

PROJECTED TO INCREASE

Today gasification is widely deployed through

out the world in many industrial settings. Cur

rently, there exist 128 plants worldwide with

366 operating gasifiers. The vast majority of

these facilities are located in Western Europe,
the Pacific Rim, Africa and North America.

Combined, these plants generate over

42,000 megawatts-thermal (MWth) of synthesis

gas. During the next 5 years, an additional

33 plants with 48 gasifiers are expected to be

constructed adding another 18,000 MWth of

synthesis gas capacity.

G. Stiegel of the United States Department of

Energy (DOE) Federal Energy Technology
Center and R. Maxwell of Parsons Infrastructure

and Technology Group summarized the tech

nological advances which will push gasification

to even greater heights in the
21st

century at the
219th

American Chemical Society National

Meeting held in San Francisco, California, in

March.

Figure 1 illustrates the worldwide historical

growth in gasification capacity since 1970 as

well as the future additions through 2005. Al

most all of the gasification capacity through the

mid-1970s can be attributed to the 19 Lurgi

gasifiers operating at Sasol in South Africa. The

relatively large increases in capacity in the latter

part ofthe 1970s and the early 1980s represent

the startup of 80 gasifiers associated with Sa

sol II and III, representing a combined increase

of nearly 8,300 MWth of synthesis gas capacity.

Following this, capacity remained relatively flat

for over a decade. However, within a few short

years, capacity increased by almost 50 percent

and is expected to grow by nearly 60 percent in

the next 5 years. This tremendous rise in ca

pacity is expected to continue beyond 2005.

Gasification technologies are capable of proc

essing any carbon-based feedstock to produce

synthesis gas for the production of electricity,

steam, hydrogen, fuels and chemicals. Coal

and petroleum residuals are by far the dominant

feedstocks, together accounting for over

70 percent of the synthesis gas capacity. Natu

ral gas is also an important feedstock, account

ing for about 20 percent of today's capacity, and

is used almost exclusively in the production of

chemicals. Over the next several years, most

of the growth in capacity will be from the gasifi

cation of coal and petroleum residuals, with a

small fraction from petroleum coke. The growth

in these feedstocks, however, will be used pri

marily to produce electricity, with the use of

synthesis gas for the production of electricity

approaching that of chemicals. No capacity ad

ditions are projected for natural gas.

Gasification in Tomorrow's World

Of all advanced technologies currently under

development, gasification-based technologies

are the only ones that have the potential to

achieve the ambitious goals set forth in DOE's

Vision 21 program. This comprehensive and

aggressive program seeks to achieve substan

tial improvements in process efficiencies, re

duce emissions of sulfur and nitrogen oxides,

particulates, and hazardous air pollutants to

near-zero levels, capture and sequester carbon

dioxide, utilize all available carbon-based feed

stocks, and produce a wide variety of commod

ity and specialty products to meet any market

application.

To achieve the vision set out above, the DOE's

Gasification Technologies Program has devel

oped a comprehensive and aggressive program
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FIGURE 1
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aimed at making gasification the technology of

choice for future energy plants. Figure 2 pres

ents a capsule summary of the issues that need

to be addressed for gasification-based proc

esses to meet the above goals. Those tech

nologies that are critical to achieving the above

performance goals are described below.

Advanced Air Separation - Air separation for

the production of oxygen is a capital and oper

ating cost-intensive operation, usually account

ing for 15 percent or more of total capital cost

while consuming substantial quantities of elec

tricity for air compression. One novel approach

that has shown tremendous potential is the use

of high-temperature mixed-conducting ceramic

membranes. Properly integrated into the proc

ess, the technology has shown potential for

gasification cost reductions as well as improve

ments in plant efficiency.

Ultra-Clean Synthesis Gas - Ultra-clean syn

thesis gas is needed not only to meet the
near-

zero emission goals of Vision 21, but is also re

quired to meet the stringent gas quality re

quirements needed for use in fuel cell applica

tions or for the conversion to transport fuels

and/or chemicals. The cost to achieve these

goals must be no more than that of current

commercial technologies and must not incur an

energy penalty on the process.

Coproduction - Gasification-based processes

are the only advanced power generation tech

nologies that are capable of producing multiple

products while simultaneously achieving all of

the other performance targets of Vision 21.

Through proper integration, coproduction can

offer higher process efficiencies with little added

capital.
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FIGURE 2

GASIFICATION TECHNOLOGY ISSUES
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Hydrogen and Carbon Dioxide Separation -

To achieve high efficiencies and to capture car

bon dioxide for sequestration or utilization, ad

vanced technologies need to be developed that

simultaneously produce hydrogen for use with

fuel cells or hydrogen turbines and concentrate

carbon.

Process Economics

As a result of DOE's Clean Coal Technology
demonstration program, significant progress has

been made in reducing the costs and risks of

gasification-based processes. Today, the cost

of a first-of-a-kind integrated gasification com

bined-cycle plant is projected to be about

$1,250 per kilowatt-electric. Through succes

sive deployment of this technology, the cost is

expected to be reduced to about $1 ,000 per

kilowatt-electric. Further cost reductions and

efficiency improvements can be realized

through the development of advanced technolo

gies such as advanced gas turbines, hot-gas

cleanup and advanced air separation mem

branes. Potential exists for achieving a cost of

about $850 per kilowatt-electric, a price which is

considered by industry to be competitive to

natural gas combined-cycle.

A study focusing on the cost of producing hy
drogen from coal showed that using conven

tional commercial technologies for shifting the

synthesis gas and gas separation results in a

cost of about $5.60 per million BTU ($5.28 per

gigajoule). Incorporating the use of higher pres
sure gasifiers, high temperature gas filtration
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technology and advanced ceramic membranes

can result in a substantial reduction in the cost

of hydrogen. This final cost is still somewhat

higher than the cost of hydrogen from natural

gas at today's prices, but will be increasingly
competitive as gas prices rise.

Conclusions

By 2015 gasification-based technologies using
all carbon-based feedstocks are expected to

have gained global acceptance, penetrating not

only the refining and chemical industries but

also the electric utility, pulp and paper, and steel

industries. The product market for gasification

will not only show continued growth in the power

generation and chemicals sectors but will find

significant opportunities for growth in transpor

tation fuel production. Ultimately, gasification

will serve as a key technology in efforts to con

trol greenhouse gas emissions and will be an

important technology in the transition to a hy
drogen-based economy, conclude Stiegel and

Maxwell.

ANNUAL ENERGY OUTLOOK PROJECTS

STEADY INCREASE IN PETROLEUM

DEMAND FOR THE NEXT 20 YEARS

The United States Energy Information Admini

stration's Annual Energy Outlook 2000

(AEO2000) summarizes energy-related projec

tions through 2020. Key issues addressed in

clude, among others, the ongoing restructuring

of United States electricity markets, near-term

prospects forworld oil markets, and the impacts

of energy use on carbon emissions. See Ta

ble 1 for a summary ofthe five cases evaluated.

Prices

Average world crude oil prices in AEO2000 in

crease from about $12.10 per barrel (all prices

in 1998 dollars) to $22.04 per barrel in 2020,

nearly $1 per barrel lower than the price of

$22.99 projected in AE099. Higher near-term

prices are projected as a result of the economic

recovery in East Asia and the March 1999

agreement by OPEC and four non-OPEC coun

tries to cut oil production, which appears to be

holding.

Lower world oil price projections for 2020 result

from three factors. First, higher near-term

prices stimulate drilling activity and increase

production potential. Second, lower long-term

economic growth is projected for the Pacific

Rim. Finally, it appears likely that non-OPEC oil

production will be higher than previously pro

jected due to technology improvements, par

ticularly for offshore production.

Worldwide demand for oil is expected to in

crease from 75.0 million barrels per day in 1998

to 112.4 million barrels per day in 2020. The

potential for production increases in both OPEC

and non-OPEC nations leads to relatively low

growth of prices through 2020, although the de

mand for oil grows rapidly. OPEC oil production

is expected to reach 55.5 million barrels per day
in 2020, nearly double the 31.7 million barrels

per day in 1998, assuming sufficient capital to

expand production capacity. It is assumed that

the United Nations resolution limiting Iraqi oil

exports will remain in place until 2002. Once

sanctions are lifted, Iraqi oil production is ex

pected to reach 4.0 million barrels per day
within 2 years and about 6.0 million barrels per

day within a decade. Outside the Persian Gulf,
production is expected to grow in the offshore

regions of Nigeria and Algeria and in Venezuela.

Non-OPEC oil production is expected to in

crease from 44.3 million barrels per day in 1998

to 56.6 million barrels per day in 2020 1 million

barrels per day higher than in AE099.

The average United States wellhead price of

natural gas is projected to increase from

$1.96 per thousand cubic feet in 1998 to

$2.81 per thousand cubic feet in 2020, at an

average rate of 1.7 percent per year. Improve

ments in exploration and production technolo

gies for natural gas moderate additional price

increases. Average delivered prices increase

by 0.4 percent per year from 1998 to 2020.

10
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TABLE 1

SUMMARY OF RESULTS FOR FIVE CASES

2020

Low High Low High

Refer- IEconomic IEconomic World Oil World Ofl

Sensitivitv Factors 1997 1998 ence Growth Growth Price Price

Primary Production (quadrillion BTU)
Petroleum 1623 15.73 14.49 14.14 15.44 13.18 16.12

Natural Gas 19.43 19.40 27.13 25.70 27.98 26.97 27.26

Coal 2328 23.89 2756 26.14 29.62 26.90 27.43

Nuclear Power 6.71 7.19 4.56 4.56 4.70 4.51 4.63

Renewable Energy 7.00 6.67 7.98 7.77 8.40 7.90 8.06

Other 0.66 0.57 0.66 0.66 0.68 0.59 0.73

Total Primary Production 73.30 73.46 82.18 78.98 86.82 80.06 84.23

Net Imports (quadrillion BTU)
Petroleum Products 19.65 20.95 34.15 30.X 37.36 38.35 30.87

Natural Gas 2.90 320 525 4.59 5.62 5.15 5.18

Coal/Other (- indicates export) 1.66 1.46 -0.50 -0.55 -0.38 -0.50 0.49

Total Net Imports 20.89 22.69 38.91 34.35 42.60 43.00 35.56

Discrepancy -022 127 0.14 0.04 0.06 0.26 -0.09

Consumption (quadrillion BTU)
Petroleum Products 36.43 3721 49.05 44.99 53.27 51.73 47.71

Natural Gas 22.60 21.99 32.38 30.28 33.61 32.11 32.44

Coal 21.34 21.50 26.60 25.32 28.98 26.15 26.68

Nuclear Power 6.71 7.19 4.56 4.56 4.70 4.51 4.63

Renewable Energy 7.00 6.67 7.99 7.78 8.42 7.92 8.08

Other 0.33 0.32 0.36 0.34 0.38 0.37 0.34

Total Consumption 94.41 94.88 120.95 113.28 129.36 122.79 119.88

Prices (1998 dollars)
World Oil Price ($/bbl) 18.71 12.10 22.04 20.99 23.11 14.90 28.04

Domestic Natural Gas atWellhead

($/thousand ft*) 2.39 1.96 2.81 2.40 327 2.68 287

Domestic Coal atMinemouth

($/shortton) 18.32 17.51 12.54 12.40 12.58 12.38 12.53

Average Electricity Price (/kWh) 6.9 6.7 5.8 5.5 6.1 5.8 5.9

Economic Indicators

Real GrossDomestic Product

(billion 1992 dollars) 7,270 7,552 12,179 10,870 13.413 12205 12.151

(annual change, 1998-2020) - - 22% 1.7% 2.6% 22% 2.2%

GDP Implicit Price Deflator

(index. 1992=1.00) 1.12 1.13 1.86 211 1.63 1.86 1.86

(annual change, 1998-2020) - 2.3% 2.9% 1.7% 23% 2.3%

Real Disposable Personal Income

(billion 1992 dollars) 5,183 5,348 9,008 8281 9.679 9,037 8,974

(annual change, 1998-2020) - - 2.4% 2.0% 2.7% 2.4% 2.4%

Index ofManufacturing GrossOutput

(index, 1987=1.00) 1.365 1.411 2.160 1.972 2.483 2.166 2.158

(annual change, 1998-2020) - - 2.0% 1.5% 2.6% 2.0% 2.0%

Energy Intensity
(thousand BTU per 1992 dollar of GDP) 12.99 12.57 9.94 10.43 9.65 10.07 9.87

(annual change, 1998-2020) - -1.1% -0.8% -12% -1.0% -1.1%

Carbon Emissions

(million metric tons) 1.479 1.485 1,979 1,851 2.126 2,019 1.956

(annual change, 1998-2020) 1.3% 1.0% 1.6% 1.4% 1.3%
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In AEO2000 the average mine-mouth price of

coal in the United States is projected to decline

from $17.51 per ton in 1998 to $12.54 per ton
in 2020. The price declines through 2020 due to

increasing productivity in the industry, a shift to
lower cost western production, and competitive

pressures on labor costs.

Average electricity prices decline from

$0,067 per kilowatt-hour in 1998 to $0,058 per

kilowatt-hour in 2020, an average annual de

cline of 0.6 percent. The restructuring of the

electricity industry contributes to declining prices
through lower operating and maintenance costs,
lower administrative costs, and other cost re

ductions.

Consumption

Total energy consumption is projected to in

crease from 94.9 to 120.9 quadrillion BTU

(quads) between 1998 and 2020, an average

annual increase of 1.1 percent. Energy con

sumption in the residential and commercial

sectors is projected to increase at average rates

of 0.9 and 0.8 percent per year, respectively, led

by growth in electricity use for a variety of

equipment telecommunications, computers,

office equipment and other appliances. In 2020

delivered residential energy demand is

12.8 quads. Higher projected energy intensity is

offset by lower growth in the number of house

holds. In the commercial sector, slightly lower

energy intensity, particularly for lighting, leads to

a slightly lower projection for delivered energy

demand at 9.2 quads in 2020. As in the resi

dential sector, primary energy demand in 2020

is slightly higher due to electricity losses.

Total demand in the industrial sector increases

at an average rate of 0.9 percent per year, to

42.2 quads in 2020.

Transportation energy use grows at an average

annual rate of 1 .7 percent, to 37.5 quads in

2020. More travel is projected for light-duty ve

hicles, as recent data indicate that older drivers

are driving more than previously assumed,

slightly offset by lower assumed growth in driv

ing by women.

Natural gas consumption increases in the fore

cast by an average of 1.8 percent per year

(Figure 1). Increases are expected in all sec

tors, but the most rapid growth is for electricity

generation, where natural gas use (excluding

cogenerations) rises from 3.7 to 9.3 trillion cubic

feet between 1998 and 2020.

FIGURE 1
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Total coal consumption increases from 1 ,043 to

1,279 million tons per year between 1998 and

2020, an average annual increase of

0.9 percent. About 90 percent of the coal is

used for electricity generation. Coal remains

the primary fuel for generation, although its

share of generation declines between 1998 and

2020.

Petroleum demand is projected to grow at an

average rate of 1 .3 percent per year

through 2020, led by continued growth for trans

portation, which uses about 70 percent of the

total. Increases in travel more than offset effi

ciency gains, and economic growth boosts pe

troleum use for freight and shipping
through 2020.

Renewable fuel consumption, including ethanol

used for gasoline blending, increases at an av-

12
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erage rate of 0.8 percent per year through 2020.

About 60 percent of renewables are used for

electricity generation and the rest for dispersed

heating and cooling, industrial uses, and fuel

blending.

Electricity consumption overall is projected to

grow by 1.4 percent per year through 2020. Ef

ficiency gains in the use of electricity partially
offset the growth of new electricity-using equip
ment.

Energy Intensity

Energy intensity, measured as energy use per

dollar of Gross Domestic Product (GDP), has

declined since 1970, particularly when energy

prices have increased rapidly. Between 1970

and 1986, energy intensity declined at an aver

age rate of 2.2 percent per year as the economy

shifted to less energy-intensive industries and

more efficient technologies. With smaller price

increases and the growth of more energy-

intensive industries, intensity declines moder

ated to an average of 1.0 percent per year be

tween 1986 and 1998. Through 2020, energy

intensity is projected to improve at an average

rate of 1.1 percent per year as efficiency gains

and structural shifts in the economy offset

growth in demand for energy services.

Production and Imports

United States crude oil production declines at an

average rate of 0.8 percent per year between

1998 and 2020 to a projected level of 5.3 million

barrels per day. Advances in oil exploration and

production technologies are insufficient to offset

declining resources. Increases in the production

of natural gas plant liquids partially offset the

decline in crude oil production through 2020.

Falling production and rising demand increase

petroleum imports through 2020 (Figure 2). The

share of petroleum consumption met by net im

ports rises from 52 percent in 1998 (measured

in barrels per day) to 64 percent in 2020.

In AEO2000, natural gas production is projected

to increase from 18.9 trillion cubic feet in 1998

to 26.4 trillion cubic feet in 2020an average

FIGURE 2

NETENERGY IMPORTS BYFUEL
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rate of 1 .5 percent per year-^to meet growing

demand for natural gas. Net imports of natural

gas, primarily from Canada, also increase from

3.1 to 5.1 trillion cubic feet between 1998 and

2020. Pipeline capacity from Canada and ca

pacity utilization rates increase to satisfy de

mand growth. Net imports of liquefied natural

gas also increase, to 0.3 trillion cubic feet

in 2020.

Coal production increases from 1,128 million

tons in 1998 to 1,316 million tons in 2020, an

average of 0.7 percent per year, to meet rising
domestic demand. European imports are lower

for environmental reasons and exports from

Australia are higher.

Renewable energy production grows from 6.7 to

8.0 quads between 1998 and 2020, with growth

in electricity generation from geothermal and

wind energy, biomass, and municipal solid

waste generation; more use of biomass in the

industrial sector, and more ethanol use.

Carbon Emissions

Carbon emissions from energy use are pro

jected to increase by an average of 1 .3 percent

per year through 2020, from 1,485 million metric
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tons in 1998 to 1,787 million metric tons in 2010
and 1 ,979 million tonnes in 2020. Although en

ergy demand is higher in 2020 because of

higher projected economic growth, travel, and
fuel consumption for electricity generation,
higher nuclear generation and more rapid effi

ciency improvements moderate the growth in

emissions.

EUROPEAN UNION SEES RENEWABLES AS

COMPETITIVE

Worldwide energy demand grew by only
1.1 percent in 1997 despite world economic

growth of 3.3 percent. It increased more rapidly
in the Middle East, Asia and Latin America, ac

cording to the Energy In Europe 1999Annual

Energy Review published by the Directorate-

General for Energy in January.

In the European Union (EU) energy consump
tion increased by 1.8 percent in 1998 after fal

ling 0.3 percent in 1997.

Since 1990 worldwide natural gas consumption

has grown faster than overall energy consump
tion despite the stagnation registered in 1997

following major increases in 1995 and 1996.

This resulted from warm climatic conditions in

the Western Hemisphere and continuous de

cline in the Commonwealth of Independent

States (CIS) and CEEC. In recent years the

bulk of consumption growth arose from power

generation. Demand accelerated in developing
countries, mainly in Asia and the Middle East,
and also in the EU, which has increased about

4.5 percent per year since 1990.

Oil remains the predominant energy source,

keeping its share of 37 percent since 1990. Oil

demand accelerated significantly in 1996 and

1997. Developing regionsAsia, Latin America

and the Middle Eastwhich increased their

share in world oil consumption from

22.5 percent in 1990 to 30.2 percent in 1997,
are driving oil consumption. Since 1990, all the

increase in oil product consumption in the EU,
about 50 million tonnes of oil equivalent, was

concentrated on transportation fuel, including
kerosene and feedstock. Consequently, the

European oil market became increasingly cap

tive to specific markets (transport and petro

chemicals), together reaching 63 percent of total

oil demand in 1997. The near future will be

marked by the increasing contribution of trans

port in final demand sustained by the enormous

potential for development in the emerging re

gions, according to the report.

Solid fuels have been steadily losing market

share since 1990, principally in the EU. Total

solid fuel consumption in the EU is now

26 percent lower than in 1990. The consump

tion, increasingly concentrated in the power

sector, was progressively located close to the

main producers. Asia, in particular, absorbed

41.3 percent of the world consumption in 1997

against 32.7 percent in 1990. Consumption also

increased substantially in the NAFTA region

in 1996 and 1997.

The carbon-free energy sources (nuclear and

renewables) increased by 2.0 percent per year

on average since 1990. Renewable energy
sources accounted for 13.5 percent of total

needs in 1997, showing a small increase

since 1990. More than 55 percent of world bio

mass production remained located in Asia.

Renewable energy sources, supported by the

Altener EU program increased by 5.1 percent

per year since 1990. The major growth con

cerned biomass of which the two main markets,

power generation and direct use in tertiary-

domestic sector, are increasing.

In 1997 in the EU the contribution of renewable

energy sources represented 10.8 percent of the

total primary energy production and 5.8 percent

of gross inland consumption, respectively. Hy-

droelectricity and wind energy output has re

mained stable since 1995, representing only
2.8 percent of primary production. Increasing
production from wind power compensated for a

relative slowdown of hydro production linked to

the poor hydraulic conditions in the last few

years. Geothermal energy remained globally
marginal but the prospects for the near future

were favorable with the Italian production ex-

14

THE SYNTHETIC FUELS REPORT, APRIL 2000



 



GENERAL

pected to almost double. Finally, biomass

whose use grew both for power generation

mainly in the Northern countries and for direct

use mainly in the domestic sectorshowed an

accelerating progression since 1990 to reach

7 percent of total primary production in 1997.

The situation varies widely from Member State

to Member State (see Table 1, next page). Re

newable energy sources are mainly used in

Sweden, Austria, Finland and Portugal with a

national share of gross inland consumption

ranging between 16 to 27 percent. They are

also used significantly in Denmark, Italy,

France, Spain and Greece, with a share of be

tween 5 and 8 percent. Its use remained almost

negligible in the other Member States.

Current trends show that considerable techno

logical progress related to renewable energy

technologies has been achieved over recent

years. Costs are rapidly falling and many re

newables, under the right conditions, have

reached or are approaching economic viability.

The first signs of large-scale implementation are

also appearing in wind energy and solar thermal

collectors. Some technologies, in particular

biomass, small hydro and wind, are currently

competitive and economically viable, especially

when compared to other decentralized applica

tions. Although comparative costs for many

renewables are becoming less disadvanta

geous, in certain cases quite markedly, their use

is still hampered in many situations by higher

initial investment costs compared with conven

tional fuel cycles.

As a first step toward a strategy for renewable

energy, the Commission adopted a White Paper

for a Community Strategy and Action Plan di

rected toward the goal of achieving a 12 percent

penetration of renewables in the EU by 2010, an

ambitious but realistic approach.

TRANSPORTATION ENERGY DEMAND IN

THE EU PROJECTED TO INCREASE

WITHOUT ALTERNATIVE FUELS

According to European Union Energy Outlook to

2020, a special issue of the European Commis

sion publication Energy in Europe, the trans

portation sector accounts for more than

30 percent of total final energy demand in the

European Union (EU). It has been consistently

the fastest growing final energy demand sector

and has proved to be quite insensitive to a

number of measures to reduce consumption,

including extremely high consumer taxation.

Between 1985 and 1995, energy use by the

transportation sector in the EU grew by
3.2 percent per year, compared to 1 percent per

year growth in total energy use. Furthermore,

because oil products remain almost the exclu

sive energy form used by the transportation

sector, the growth of energy use in this sector

has been the main reason for security of oil

supply concerns.

From an environment point of view, the near

complete dependence of the sector on oil prod

ucts has generated two sorts of concern. Firstly,

given the overall insensitivity of the sector to

taxes and price changes and the absence of

easily available substitutes, there is concern for

meeting overall greenhouse gas targets by
European countries. Secondly, because a sig

nificant amount of transportation takes place

within city centers, a number of urban pollution

issues arise, some of which have public health

implications.

The baseline assumptions and outlook pre

sented in the report project a moderation in the

historical trends of rapid growth in transportation

energy demand and an increasing share of road
transport. This originates from a number of

factors including economic changes, changing

lifestyles and technological advances.
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TABLE 1

RENEWABLE ENERGY SOURCES IN 1997

(Ktoe)

Contribution of

Hydro Wind Solar Geoth Biomass Other Total Renewables (%)

Production Gross Inland Consumption

Austria 3.094 0 0 0 3,508 0 6,602 23.3

Belgium 26 1 1 2 623 105 758 1.4

Denmark 2 166 7 1 1,541 0 1,717 8.0

Finland 1,053 1 0 0 5.698 172 6.924 20.9

France 5,399 0 16 131 10,473 0 16,020 6.6

Germany 1.492 261 68 10 5,903 0 7.734 2.3

Greece 334 3 114 2 911 0 1,364 5.3

Ireland 58 4 0 0 162 0 225 1.8

Italy 3.577 10 7 2.611 6.722 428 13,355 7.9

Luxembourg 7 0 0 0 40 0 47 1.4

Netherlands 8 41 5 0 1.438 0 1,492 2.0

Portugal 1.127 3 16 45 2,406 0 3,597 16.9

Spain 2.975 31 25 7 3.788 0 6.827 6.4

Sweden 5,935 18 4 0 7,458 0 13,416 26.7

United Kingdom 355 57 6 1 1.638 0 2.057 0.9

European Union 25,442 598 271 2.810 52.309 705 82.134 5.8

Inputs to Power Generation Production

Austria 3.094 0 0 0 772 0 3.866 48.9

Belgium 26 1 0 0 367 105 499 2.7

Denmark 2 166 0 0 991 0 1,159 11.5

Finland 1.053 1 0 0 1.350 172 2.577 17.6

France 5.399 0 0 0 1,159 0 6.558 6.1

Germany 1.492 261 0 0 1.767 0 3,520 2.9

Greece 334 3 0 0 0 0 337 3.5

Ireland 58 4 0 0 22 0 84 1.9

Italy 3.577 10 0 2,398 328 428 6.741 14.3

Luxembourg 7 0 0 0 23 0 30 29.1

Netherlands 8 41 0 0 1,047 0 1,096 6.0

Portugal 1,127 3 0 45 153 0 1,328 23.3

Spain 2.975 31 0 0 562 0 3,568 9.4

Sweden 5,935 18 0 0 2.272 0 8,225 30.4

United Kingdom 355 57 0 0 847 0 1,259 1.7

European Union 25.442 598 0 2,443 11.661 705 40,849 9.7

Final Energy Consumption

Austria 0 0 0 0 2.736 0 2.736 12.5

Belgium 0 0 1 2 255 0 258 0.7

Denmark 0 0 7 1 550 0 558 3.7

Finland 0 0 0 0 4.348 0 4,348 18.9

France 0 0 16 131 9,314 0 9,462 6.4

Germany 0 0 68 10 4,136 0 4,214 1.9

Greece 0 0 114 2 911 0 1,027 6.0

Ireland 0 0 0 0 141 0 141 1.6

Italy 0 0 7 213 6,394 0 6,614 5.4

Luxembourg 0 0 0 0 17 0 17 0.5

Netherlands 0 0 5 0 390 0 396 0.8

Portugal 0 0 16 0 2.252 0 2.269 15.2

Spain 0 0 25 7 3,226 0 3,258 4.8

Sweden 0 0 4 0 5,186 0 5,191 15.5

United Kingdom 0 0 6 1 791 0 798 0.5

European Union 0 0 271 367 40,648 0 41,285 4.4
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Passenger Transport

The service provided by the transportation sec
tor is defined to be the amount of travel, meas

ured as passenger kilometers. Part of passen

ger travel is almost
"obligatory"

for most con

sumers, including travel to and from work,

shopping etc. Similarly there are many kinds of
more or less

"discretionary"

travel, including
leisure and social traveling.

Such distinctions play a key role in the analysis

of travel trends and in the projections. For ex

ample, the link between economic activity and

the amount of travel clearly depends on the

purpose of travel and the degree of discretion

available both for the mode of transport as well

as for the undertaking of travel at all. A signifi

cant proportion of air travel takes place for busi

ness purposes. This segment of the market will

be affected strongly by the continued movement

toward a single market in the EU because air

travel for business purposes within the EU will

expand strongly.

Travel per person, however, is likely to reach a

limit in the long term as the amount of time that

consumers are prepared to spend traveling must

be limited. Indeed, massively increasing
speeds notwithstanding, it has been suggested

that travel time for an average individual has

remained broadly constant since antiquity. Ac

cording to work carried out at IIASA and Massa

chusetts Institute of Technology, the long-term

time spent on travel has been around

80 minutes per day. Such limits, if they remain

valid over the outlook period, will result in an

increase in the share of faster means of trans

port, such as airplanes and fast trains.

Between 1990 and 1995 the average kilometers

per capita increased by 5.4 percent in the EU,

slightly above the increase in per capita income.

EU per capita income is expected to increase by
more than 60 percent between 1995 and 2020.

While, on the basis of historical evidence, dis

tance traveled should increase by at least a

similar amount, overall future travel is likely to

grow less than income.

Travel per capita is projected to grow by

1.4 percent per year in the 1995-2020 period,

compared to nearly 2 percent per year per cap

ita income growth.

Travel by air continues to be by far the fastest

growing means of private transport but still ac

counts for a small share in total travel.

Public transportation is projected to continue to

lose share, and by the end of the projection pe

riod it accounts for 6.5 percent of passenger

travel, compared to nearly 10 percent in 1990.

Technology Options and Efficiency of

Travel

A number of new, more fuel-efficient technolo

gies have entered vehicle manufacturing in re

cent years including fuel injection, greater use of

light materials (aluminum and plastic) in the

body of cars, four and five valves per cylinder,

more aerodynamic design, etc. However, in

many EU countries average efficiency of new

cars has remained stagnant in recent years due

to the increasing size of cars, more powerful

engines and more comfort features, such as air

conditioning.

Future energy efficiency of transportation will

continue to be determined by the conflicting ef

fects of improved technology and of the in

creased affordability of greater comfort and

safety.

Overall car efficiency is assumed to improve

relatively modestly over the period to 2010, with

an annual improvement of around 0.1 percent.

However, as new technologies are introduced,

the rate of improvement accelerates and ap

proaches 1 percent per year in the 2010 to

2020 period. These baseline assumptions on

car efficiency do not include the possible impact

ofthe voluntary agreement reached in July 1998

between the European Commission and the

European Automobile Manufacturers Associa

tion, which could lead to an additional improve

ment in the efficiency of new passenger cars by
20 percent or more by 2010, when compared

with the baseline assumptions.
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Passenger trains are expected to show espe

cially rapid efficiency improvements over the

outlook period (Table 1). Rail energy efficiency
grows by nearly 2 percent per year in the period
to 2010 and by more than 3 percent per year

after 2010.

The most significant contributor to this trend is

the penetration of electric trains throughout

Europe and the gradual demise of diesel use for

rail purposes.

Aircraft efficiency has improved by 50 percent

over the past 25 years and this, according to

some estimates, can be repeated in the period

to 2020. However, the possibility of supersonic

and hypersonic aircraft could affect adversely

the degree of efficiency. These new types of

aircraft may lead to the introduction of alterna

tive fuels.

A major reason for the lack of penetration of

new fuels, like methanol and hydrogen, in the

transportation sector is the absence, under

baseline assumptions, of infrastructure for the

supply and distribution. Greater available infra

structure could reduce the cost of fuel cell cars

because there would be no need for the expen

sive and cumbersome natural gas reforming

unit. At present the development of methanol

and hydrogen is dependent on natural gas and

there is no motivation for new infrastructure.

However, the high energy efficiency of fuel cells

by 2020 (assumed to be close to 3 liters per

kilometer), may lead to some penetration in the

transportation market.

One interesting aspect of Table 1 is that the ef

ficiency of total passenger transportation follows

closely that of cars despite the shift away from

this mode of transport. This happens partly be

cause cars remain the dominant means of

transport and partly because the effect of the

shift towards the energy intensive air mode is

counteracted by the shift to the most efficient

mode, namely, rail.

The average annual increase in energy demand

for passenger transportation is projected to be

1.1 percent over the 1995-2020 period. De

mand is expected to grow by 1 .6 percent per

year in the period of 2010 and by less than

0.5 percent per year after 2010.

TABLE 1

PASSENGER TRANSPORTATION: ENERGY EFFICIENCY BY MODE

toe/Mpkm

1990 1995 2010 2020

Passenger Transport 41.1 41.6 41.3 37.4

Road Transport 36.4 36.6 36.0 32.7

Buses 21.7 22.3 21.7 19.7

Motorcycles 26.5 25.5 25.0 21.9

Private Cars 38.5 38.4 37.7 34.1

Train Transport 19.3 19.3 14.7 10.5

Aviation 172.2 166.6 125.2 105.4

Source: "Energy in
Europe*
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Freight Transport

Freight travel is expected to grow more slowly
than overall economic activity in the EU

throughout the projection period. The tendency
away from industry, the most freight-intensive

economic activity, is expected to moderate in

the future as most fundamental restructuring
has already taken place. However, this effect is

likely to be counteracted to some extent by the
greater trade intensity of gross domestic product
that will result from the expansion of the com

mon market and the continued growth in inter

national trade.

Total Energy Demand in the Transportation
Sector

Overall energy use in the transportation sector

is projected to grow by around 1 percent per

year over the next 25 years. This rate is sub

stantially below historical trends and is based on

two fundamental assumptions. First, it has been

assumed that despite ever rising incomes, indi

viduals will start approaching saturation levels

for their personal travel. Time availability,

space limitations and congestion effects will

help determine these saturation levels. Sec

ondly, it has been assumed that technological

advances will lead to substantial improvements

in the energy efficiency in transportation.

The transportation sector is projected to account

for nearly a third of final demand by 2020 and

for 30 percent of total EU C02 emissions.

Oil products will continue to account for nearly

98 percent of total energy use in the sector de

spite the significant growth in electricity use for

rail transportation.

Due to the lack of substitution possibilities away
from oil products over the outlook period, the

share of emissions originating from the trans

portation sector increases even more than the

share of the sector in total final energy demand.

On the basis of present expectations of costs

and in the absence of new policy initiatives, the

report concludes that new fuels will not make

significant inroads in transportation over the

next 25 years.

ECONOMICS

ECONOMIC FEASIBILITY OF ALTERNATIVE

FUELS DEEMED UNLIKELY

Since the first Oil Embargo, many in govern

ments, industry and academia have been oper

ating on the belief that alternative transportation

fuels (and vehicles) will need to be developed to

meet society's future mobile transportation re

quirements. The reasons for their beliefs varied

over time from projected future high crude oil

prices (economics), energy security, reducing

mobile source pollutants and more recently,

greenhouse gases. As energy prices stabilized

or declined, the economic and security argu

ments have diminished. Past and recent expe

rience suggests that as gasoline and diesel

quality becomes cleaner, the automakers are

finding that they can bum these conventional

fuels in vehicles more efficiently and cleanly by
improving both the combustion engines and ex

haust aftertreatment technologies. This damp
ens, if not eliminates, the need for society to

change over to an entirely new powertrain tech

nology such as fuel cells. W. Piel of TEIR As

sociates Inc. reviewed some of the issues that

have driven the need (or belief) to switch to Al

ternative Fuel Vehicles (AFV) at the

21
9th

American Chemical Society National

Meeting held in San Francisco, California, in

March.

Economic Issues

The Oil Embargoes ofthe 1970s created a fear

that oil supplies were declining and therefore

helped spur the creation of the United States

Department of Energy and the original push to

develop fuel alternatives for gasoline derived

from crude oil. Energy forecasters in the 1980s
projected that crude supply alternatives to

OPEC-controlled crude would not develop. As a
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result, they ignored doing the fundamental cost
analysis of the marketplace's ability to develop
alternative crude supplies, and therefore pro

jected that crude oil prices would climb much

higher than $20 per barrel. When projected

consumption is actually stacked against oil

sources, Figure 1 suggests that there may be a

century's worth or more of oil supply available

for future oil markets. In addition, historical

crude prices (corrected to a 1995 dollar basis)
lie mostly between $10 and $20 per barrel. As

suming oil recovery technology continues to

improve, one should expect that this price range
will continue into the foreseeable future. Piel

also notes that, if crude oil prices continue to

stay near $20 per barrel, and the refining mar

gins and gasoline prices continue to decline, it

will be economically difficult to justify develop
ing alternative fuel substitutes for gasoline and

diesel.

Figure 2 shows the wholesale prices of a num

ber of possible alternative fuels (on an energy

equivalent basis) compared to conventional

gasoline. Only Compressed Natural Gas (CNG)

and Liquefied Petroleum Gas (LPG) appear to

have some economic advantage relative to

gasoline while ethanol, methanol and electricity

are at a severe economic disadvantage. How

ever, even these simple economics do not cap

ture the added cost necessary to build the sup

porting fuel distribution infrastructure as well as

the added cost of the vehicle to use that alter

native fuel. These added costs will usually

eliminate most if not all of CNG's and LPG's

economic advantage over gasoline and further

disadvantage the other alternative fuels. These

unfavorable economics help explain the small

market share of AFVs that has developed since

the crude oil price spike of the early 1980s. All

the AFV fleets combined represent less than

0.25 percent of the total United States vehicle

fleet, and even those AFVs are usually found in

niche markets that are supported by central fu

eling locations and favorable tax supports.

FIGURE 1
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FIGURE 2

ECONOMICSOFGASOLINEALTERNATIVE FUELS
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SOURCE: PIEL

Environmental Issues

Air quality agencies have been reducing tailpipe

emission standards which provide an incentive

to switch to AFVs with their lower emissions. In

response, the oil and auto industries combined

have found ways to further cleanup gasoline

and diesel fuels, which not only reduces the

emissions from the current vehicle fleet, but

also allows the automakers to develop even

cleaner burning vehicles that approach the

lower emissions of the AFVs. As a result of the

cleaner burning gasoline, the auto industry is

now introducing cars that not only meet Califor

nia Ultra-Low Emission Vehicle (ULEV) standard

but also the Super Ultra-Low Emission Vehicle

(SULEV) standard without using AFVs. As new

model gasoline vehicles become cleaner, the

shrinking emission advantage of the AFVs di

minishes to a point where the cost of reducing

this small remaining emission becomes costly

compared to other options for reducing emis

sions elsewhere.

To decrease mobile sources of greenhouse

gases, the drive has been to reduce vehicle fuel

consumption by moving to a higher efficiency

vehicle with a fuel economy of 80 miles per

gallon or 3 liters per 100 kilometers. To achieve

this goal many have thought it would require

using a higher efficiency powertrain such as a

fuel cell running on an alternative fuel such as

hydrogen or methanol. The development of the

high-efficiency diesel engines coupled with hy
brid drivetrains are rising to meet this challenge.

Although the responsiveness and performance

of the diesel engine has been improved to be

comparable to that of the gasoline engine, a

major hurdle still exists for reducing the diesel's

NOx and Particulate Matter (PM) emissions to

be comparable to gasoline engines. To help
reduce these emissions, the reformulation of
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diesel continues to be studied. For example,

increasing the hydrogen content of the fuel will

help reduce PM emissions by as much as

30 percent. In addition, adding as much as

5 percent oxygen can reduce emissions by an
other 25 percent.

Conclusions

When one looks at the recent history and cur

rent events, they suggest that the fuels of the

foreseeable future will still be gasoline and die

sel, but will be improved, cleaner burning ver

sions. These cleaner fuels will allow automak

ers to further develop even cleaner vehicles that
will produce minimal emissions and consume

much less fuel. Thus, the economic incentives
to switch to AFVs will not likely exist in the fore
seeable future except for niche markets, says

Piel.

TECHNOLOGY

GE ADVANCED GAS TURBINE GOES

COMMERCIAL

In February General Electric (GE) unveiled its

new 4,000-ton Model MS7001H advanced gas

turbine.

The new machine, the size of a large locomo

tive, is the product of a jointly funded develop
ment effort between GE Power Systems and the

United States Department of Energy, which be

gan in the early 1990s. Developed at GE's

Greenville, South Carolina, manufacturing facil

ity, the turbine passed a critical verification test

earlier and is being readied for shipment to a

750-megawatt-capacity powerplant being built

near Scriba, New York, by Sithe Energies, one

of the world's largest independent power pro

ducers. It is expected to go on-line in 2002, af

ter testing.

When the program concludes, the Energy De

partment will have invested almost $100 million

in the development effort with GE contributing

more than $500 million, including $200 million in

the federal program.

Gas Turbine Description

GE's MS7001H Advanced Turbine System gas

turbine contains an 18-stage compressor, a
can-

annular Dry Low NOx (DLN) combustion system

similar to those utilized on prior GE gas tur

bines, and a 4-stage turbine. A 2600F-class

firing temperature and closed-circuit steam

cooling are used in the turbine. The compressor

provides a 23:1 pressure ratio with

1 ,230 pounds per second (pps) airflow. It is de

rived from GE's high-pressure compressor used

in the CF6-80C2 aircraft engine and Industrial

Aeroderivative LM6000gas turbine. The

MS9001H compressor is similar in design and

has an airflow of 1 ,510 pps.

The turbine employs closed-loop steam cooling

of the first- and second-stage nozzles and buck

ets. Steam from the combined-cycle steam

system is introduced into the turbine compo

nents, provides cooling and is returned to the

combined cycle for work extraction in the steam

turbine. Air cooling is used for the third-stage

nozzles and buckets, with the fourth stage being
uncooled.

System Features

Designed to work in a
"combined-cycle"

power-

plant a plant that combines gas turbines and

steam turbines to produce electricitythe

H System will be the most efficient power gen

eration system in the world, according to GE. It

will be the first gas turbine to top the 60 percent

efficiency threshold. Because fuel represents

the largest single cost of running a powerplant,

an increase of 10 percentage points in efficiency
can reduce operating costs by as much as

$200 million over the life of a typical gas-fired

400- to 500-megawatt combined-cycle plant.

The efficiency gains have been achieved be

cause the turbine fires natural gas nearly 300F

hotter than conventional turbines, reaching tem

peratures of 2,600F. Advanced cooling tech

niques and new alloyswere developed to handle
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the hotter temperatures. The turbine also em

ploys the world's largest single crystal airfoils,

making the turbine blades much more resistant

to high-temperature cracking than the multidi

rectional crystal design currently used.

The turbine also operates cleaner than any of

today's utility gas turbines. Its nitrogen oxide

emission levels of 9 parts per million will be half

the average of the turbines now in use, making
the new technology suitable for siting in the

United
States'

most environmentally constrained

areas. In addition, the H System turbine will

produce the fewest tons of carbon dioxide per

kilowatt of electricity of any gas turbine avail

able today, according to GE. When deployed

commercially, it can make a significant contri

bution toward reducing greenhouse gases that

can cause global warming.

The system introduced in February will produce

electricity at 60 Hertz, making it suitable for the

United States power grid. GE has also devel

oped a companion H System turbine-4he

50-Hertz 9H series for the overseas market.

The 50-Hertz version is scheduled to begin

commercial service at the Baglan Energy Park

in South Wales in 2002.

100-KILOWATT SOLID OXIDE FUEL CELL

PASSES ONE YEAR OF OPERATION

In January Siemens Westinghouse Power Cor

poration announced that its 100-kilowatt Solid

Oxide Fuel Cell (SOFC) power system, the

world's largest, has completed 1 year of total

operating time, the longest any fuel cell of this

type and size has run. The milestone marked

the halfway point in a 2-year demonstration pro

gram that is verifying the durability and per

formance of this potentially revolutionary new

source of electricity.

Installed at a cogeneration plant in Westervoort,

The Netherlands, the unit is one of several be

ing developed by Siemens Westinghouse under

a jointly funded $196-million program

($114 million is the non-federal share) with the

United States Department of Energy's National

Energy Technology Laboratory.

The test unit has operated for a rec

ord 8,760 hours. It is supplying 110 kilowatts of

electricity to the local power grid better than its
"nameplate"

capacity
along with hot water to

the area's district heating system. To date, the

unit fuel-to-electricity efficiency has reached

46 percentsignificantly better than a conven

tional powerplant which typically converts only

33 to 35 percent of the energy value of fuel to

electric power.

The SOFC also offers other impressive envi

ronmental benefits, which are being verified by
The

Netherlands'

test. Emissions of nitrogen

oxides have been held to 0.2 parts per million,

well within the most stringent of air quality stan

dards. Sulfur oxides, carbon monoxide and

volatile hydrocarbons were all measured at less

than 1 ppm.

According to S. Singhal of Siemens Westing
house, speaking at a fuel cell conference last

fall, over 3,000 state-of-the-art tubular SOFCs

built using air electrode tubes have been electri

cally tested for up to about 27,500 hours, either

as single cells, in cell bundles, or in 25-kilowatt

and 100-kilowatt power generation systems.

These cells have performed well under a variety

of operating conditions with less than

0.1 percent per 1,000-hour performance degra

dation. These cells have also shown the ability
to be thermally cycled from 1,000C to room

temperature over 100 times without any me

chanical damage or electrical performance deg
radation.

Siemens Westinghouse plans to make its first

solid oxide commercial deliveries in the

250-kilowatt to 1 ,000-kilowatt range in 2004.

The major hurdle is to reduce the initial costs of

the fuel cell units. One of the keys to reducing
costs will be to complete the development of a

high-volume manufacturing process required for

lower-cost commercial production. Another way
to reduce costs is to develop a SOFC module

that operates at elevated pressures. A pressur

ized unit would emit a higher-energy exhaust

that would be more suitable for driving a gas
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turbine-generator to produce two sources of

electricity and increase overall efficiencies. An

other key is to develop lower cost "balance of
plant"

equipment.

The Dutch demonstration is to be followed by
additional tests at different scales and in varying

market applications. A 250-kilowatt fuel cell/gas

turbine hybrid power system in California was to

begin in March. Ontario Hydro is to be the next

North American host for a 250-kilowatt SOFC

demonstration later this year. All of the demon

strations, including the system in Holland, use

natural gas.

CATALYSTS ARE ONE KEY TO IMPROVED

HYDROGEN PRODUCTION

Hydrogen is forecast to become a major source

of energy in the future. Prior to the early 1990s,

H2 was plentiful with refineries being major pro

ducers. Now that picture has changed due to

environmental demands to reduce sulfur emis

sions and the production of less aromatics for

gasoline; thus, refineries have had to build addi

tional H2 production units nearby. J. Armor of

Air Products and Chemicals Inc. discussed the

use of catalysis in the current and future pro

duction of H2 at the
219th

American Chemical

Society National Meeting held in San Francisco,

California, in March.

Steam Methane Reforming (SMR) is the largest

and generally the most economical means to

produce H2. SMR is not just one reaction, but a

series of well balanced operations often includ

ing most of the following: desulfurization, pre-

reforming, reforming, high and low temperature

water gas shift, methanation, and NOx removal.

In considering new approaches to H2 production

and/or SMR improvements, several technical

barriers exist:

Heat transfer seriously restricts operating

temperatures.

More literature data need to be gathered

by studying reactions closer to the high

pressure operations of existing proc

esses and the demands for high pres

sure H2.

Advances in reactor design are needed.

Limitations of material components with

regard to metal dusting or high tem

perature seals need to be overcome.

More ex situ surface science techniques

are needed which allow one to charac

terize working catalysts under extreme

temperatures (850C) and pressures

(400 psig).

Process conditions which assure safe

operation need to be developed.

Alternative Means for Producing H2

Identifying the barriers enables one to define

new opportunities for research, not only for ex

isting approaches but also for alternative means

to produce H2. While there is a need and de

mand for new routes to cost-effective production

of large volumes of high pressure H2, there are

niche opportunities where small volumes of low-

pressure, pure H2 are also attractive. Technolo

gies which could address these needs (with

some specific hurdles in brackets) include:

Methane decomposition [need to resolve

how to handle and use all the huge

amount of byproduct carbon]

Use of membrane reactors [still limited

by materials deficiencies, high tempera

ture seals and membrane configuration

issues]

Solar energy for electrolysis of water

[must use visible light with high quantum

yields]

Selective oxidation of methane [must

provide convincing evidence for safe op

eration]
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Oxidation dehydrogenation [issues of

byproduct coke formation which leads to

fouling and an olefin coproduct which

must be in huge demand]

Biomass conversion [need pilot demon

stration which addresses all the scale-up,

cost and environmental issues]

Summary

As long as natural gas and petroleum-based

hydrocarbons are still relatively low-cost fuels,
SMR will continue to be a cost-effective ap
proach for making H2. Steam reforming is a

mature technology, but there is fertile ground

and room for technological improvement. Be

yond 2010 future economic or environmental

issues may eventually force adoption of substi

tute, alternative technologies.

There are a number of emerging and attractive

approaches to H2 production, but the greatest

opportunities in the future would seem to lie with

non-fossil fuel-based H2 technologies, where

major breakthroughs are needed, says Armor.

In considering new technologies for H2 produc

tion, one has to consider the entire process.

Ultimately, the route one chooses to produce H2
will be a function of not only the technology ad

vances, but also economics, the environment,

specific customer needs and market demands.

ENZYMATIC HYDROGEN PRODUCTION

OFFERS NEW ROUTE FOR RENEWABLE

RESOURCES

Using the enzymes Glucose Dehydrogenase

(GDH) and hydrogenase, a variety of sugars

that are components of renewable resources

can be enzymaticaliy converted to molecular

hydrogen. Hydrogen production from renewable

sugar and the possible applications of enzy

matic hydrogen production were discussed by
J. Woodward et al. of Oak Ridge National Labo

ratory, in Energy & Fuels, Volume 14, Num

ber 1, pages 197-201.

Background

The enzymes Thermopfasma acidophilum GDH

and Pyrococcus furiosus hydrogenase have

been shown to be capable of converting glucose

to molecular hydrogen and gluconic acid. The

key step in the feasibility of the reaction is the

ability of hydrogenase to accept electrons from

the reduced cofactor of GDH (NADPH). The

main component of renewable resources such

as cellulose or starch is glucose; lactose and

sucrose are composed of 50 percent glucose. It

is conceivable, therefore, that all these sugars

could be sources of glucose for this reaction.

This study identified the specificity ofthe system

for different renewable sugars and compares the

kinetics of hydrogen production as a function of

the concentration of glucose, galactose and xy

lose.

Kinetics ofHydrogen Production from

Monosaccharides

Figure 1 plots the evolution of hydrogen from

the monosaccharides glucose, galactose, xy

lose and mannose using an initial concentra

tion of these sugars of 50 mM in the reaction

mixture. Hydrogen production was immediate

on the addition of
NADP*

and, as expected, the

highest rates achieved were based upon the

sugar specificity of GDH. The evolution of hy
drogen was highest (97.8 umol/hour) with glu

cose as the substrate. Galactose, xylose and

2-deoxyglucose were also substrates for this

reaction, and hydrogen evolution rates of 29.0,
7.0 and 3.6 umol/hour were observed, respec

tively. In effect, mannose and fructose were not

oxidized by GDH.

There are several possible reasons for the de

cline in the rate of hydrogen evolution after the

maximum rate has been reached. One expla

nation is a decline in substrate concentration

over time during the experiment. Another pos

sible cause for the decline in rate of hydrogen

evolution is that the system for measuring hy
drogen evolution is not closed and, therefore,
the hydrogen produced is swept away from the

reaction mixture and never approaches equilib

rium which could result in lower yields.
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FIGURE 1
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Studies on the effect of temperature on the rate

of hydrogen evolution indicated that the maxi

mum rate was observed at 50C, above which it

decreased. The GDH used in these experi

ments has an optimum temperature of 50C and

is inherently unstable above this temperature

because of dissociation of its tetrameric struc

ture. However, under the experimental condi

tions used in this study, it appears that GDH is

stable at 60C for at least 24 hours and, there

fore, does not dissociate into inactive subun'its.

The reason for this stability of GDH is not un

derstood at present, but is probably due to the

higher protein concentration in the reaction

mixture, sayWoodward et al.

Experiments on the effect of initial pH of the

reaction mixture on the rate and yield of hydro

gen production showed that a pH between 6.5

and 7.5 resulted in the highest rates of hydrogen

evolution, while the maximum yield occurred

between pH 7.0 and 8.0.

Conversion of Renewable Sugars to

Hydrogen

The previous data demonstrate that the two

primary components of renewable sources of

energy such as biomass glucose and xylose

are capable of oxidation by GDH, resulting in

hydrogen production if hydrogenase is present.

Table 1 shows that renewable sugars

(disaccharides and polysaccharides) can be a

source of hydrogen but that the appropriate en

zymes must be included in the reaction mixture

to hydrolyze them to their monosaccharide

components.

Hydrogen was also evolved using a mixture of

pure cellulose (Avicel) and birchwood xylan or

when steam-exploded aspen wood was used as

the substrates (Table 1). The rate-limiting step

in the hydrolysis of insoluble polysaccharides,

such as cellulose, appears to be the rate at

which they are converted to monosaccharides.

Theoretical Considerations with Respect to

Yields and Applications of Products

Using the enzymatic pathway for hydrogen pro

duction described in this work, the theoretical

yield of hydrogen from glucose, galactose,

fructose (isomerized to glucose), and xylose is

1 mol of H2 per mol of sugar. Because the

maximum stoichiometric yield of hydrogen from

glucose, galactose and fructose is 12 mol of H2
per mol and from xylose 10 mol per mol, the

efficiencies of hydrogen production by this

pathway are 8.3 and 10 percent, respectively.

Equal molar yields of the oxidized sugars

(gluconic, galactonic and xylonic acids)all of

which have commercial valuewould also be

obtained. Although it would be necessary to

improve the stoichiometric yields of hydrogen

from glucose for large-scale production of hy-

26
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TABLE 1

RATES AND YIELDS OF HYDROGEN PRODUCTION

FROM RENEWABLES

Rate Yield Maximum

Renewable (umol If1) {%! Yield (Y/N)

Lactose 6.3 37.2 N

Sucrose 2.8 25.5 N

Cellulose/Xylan 4.5 22.3 N

Starch 8.1 16.0 Y

Steam-Exploded Aspen 3.4 39.2 Y

drogen, the amount of hydrogen produced in the

reactions described would be sufficient for low-
energy-requiring electronic devices powered by
an appropriate fuel cell, sayWoodward et al.
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COMING EVENTS

2000

April 3-5, Tulsa, OklahomaSPE/DOE
12th

Symposium on Improved Oil Recovery, phone 918 586 7275

April 11-13, Amsterdam, The NetherlandsGasification for the Future, phone 44 (0) 1788 578214

April 11-14, Taormina, SicilyWorld Refining Association European FuelsWeek,
fax 44 (0)1242 529 060

April 25-28, Boston, Massachusetts
11th

Global Warming International Conference, fax 630 910 1561

May 2-4, Lexington, Kentucky
17th

International Coal Preparation Conference, phone 303 220 0600

May 22-24, Brussels, BelgiumWorld Fuels Conference, Europe 2000, phone 44 (0) 1932 344 424

May 22-26, Palm Springs, CaliforniaF-Cells 2000, phone 973 256 0211

June 5-7, Toronto, Ontario, Canada WindsorWorkshop 2000, Transportation Fuels,
phone 905 822 41 1 1 , Ext. 51 5

June 5-9, Sevilla, Spain World Conference on Biomass for Energy and Industry,
phone 39 055 500 2174

June 6-9, Nice, France
21st

World Gas Conference, fax 33 1 42 27 49 43

June 11-15, Beijing, China
13th

World Hydrogen Energy Conference, phone (86-100) 6218 0145

June, 11-15, Calgary, Alberta, Canada
16th

World Petroleum Congress, phone 403 218 2000

June 19-22, Paris, France Society ofAutomotive Engineers Spring Fuels and Lubricants Conference,

phone 724 776 4841 (U.S.)

June 20-22, Helsinki, Finland Power-Gen Europe, phone 918 831 9160 (U.S.)

June 20-23, Windsor, Ontario, Canada International Fuel Ethanol Workshop and Trade Show,
phone 719 942 4353

July 1-7, Brighton, EnglandWorld Renewable Energy Congress VI, fax 44 1189 611 365

July 9-13, Berlin, GermanyFirst World Conference on Carbon, fax 49 2203 69301

July 10-14, Lucerne, SwitzerlandFuel Cell 2000, fax 4156 496 4412

August 13-16, Caims, Queensland, Australia Fifth International Conference on Greenhouse Gas

Control Technologies, fax 61 2 9490 8819

August 20-25, Washington, D.C.American Chemical Society National Meeting, phone 202 872 4396

August 29-September 2, Oakland, California Fourth Biomass Conference of the Americas,
phone 303 275 3023
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September 5-7, Leeds, EnglandApplied Gasification, fax 44 1788 577182

September 6-7, Fort McMurray, Alberta, CanadaFort McMurray Oil Sands Trade Show,
phone 403 244 6540

September 11-15, Pittsburgh, Pennsylvania
17th

Annual Pittsburgh Coal Conference,

phone 412 624 1480

September 12-14, Birmingham, United KingdomThird UK Meeting on Coal Research and Its

Applications, fax 44 1 15 936 2205

September 12-15, Johannesburg, South Africa
12th

International Conference on Coal Research,

fax 27 11 838 5923

September 20-22, Bangkok, ThailandPower-Gen Asia, phone 713 963 6287

September 27-29, Dresden, Germany DGMK Conference on Synthesis Gas Chemistry,

website: www.dgmk.de

October 1-4, Dallas, Texas Society of Petroleum Engineers Annual Meeting, phone 972 952 9393

October 10-12, Duesseldorf, Germany Power Plants 2000 Conference and
11th

International

Conference on Research for Power Plant Technology, fax 49 201 8128 286

October 30-November 2, Portland, Oregon Fuel Cell 2000, phone 202 973 8671

November 12-17, Los Angeles, California American Institute of Chemical Engineers Annual Meeting,

website: www.aiche. org

November 14-16, Orlando, Florida Power-Gen International, fax 44 1708 379 344

November 14-17, Houston, Texas Gastech 2000,
19th

International Conference for the LNG, LPG and

Natural Gas Industries

November 15-17, Venezuela Venezuela Oil and Gas 2000, phone 713 499 6304

November 26-29, Brisbane, Queensland, Australia Ninth Australian Coal Science Conference,

fax 61 7 3365 9151

2001

June 17-21, Girdwood, Alaska Sixth Natural Gas Conversion Symposium, phone 703 522 1324

October 21-25, Buenos Aires, Argentina
18th

World Energy Congress, fax 54 11 4 814 3664

November 5-8, Amsterdam, The Netherlands2001 International Gas Research Conference,
phone 773 399 8300
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PROJECT ACTIVITIES

STUART PROJECT REPORTS PROGRESS

ON PLANT COMMISSIONING

The status of the Stuart Stage 1 commissioning

program was summarized by I. McFariane in the

Southern Pacific Petroleum NL/Central Pacific

Minerals NL (SPP/CPM) December 1999

Quarterly Report, and in a March 2000 Com

missioning Update Report.

A 30-hour hot shale run was completed over the

November 23-24, 1999, period. The shale feed

was successfully increased to 160 tonnes per

hour, about 60 percent of plant capacity, before

the run was terminated as a result of odor com

plaints from the neighboring community of Tar-

ginnie located 3 kilometers from the plant. The

run was successful in producing raw naphtha

and medium shale oil products at close to de

sign yields and specifications and in meeting

regulated limits on sulfur dioxide, nitrogen ox

ides and particulates through most of the run.

However, following a review of the odor emis

sions, the Queensland (Australia) Department of

Mines and Energy (DME) issued an Environ

mental Protection Order (EPO) requiring addi

tional air emissions evaluation.

Since this last commissioning run, the operator,

Suncor Energy Management Pty Ltd. (SEM),

progressed work on equipment and procedural

modifications to minimize odor emissions from

the plant and conducted a planned maintenance

program over the Christmas/New Year period.

In addition, SEM developed a comprehensive

program to identify and characterize air emis

sions. As a result of these initiatives, the DME

lifted the EPO in January.

Suncor recommenced hot shale commissioning

activities on February 4, 2000, with the objective

of capturing air emissions samples to identify
odor sources and to assess potential health ef

fects. Samples were taken at a number of point

sources within the plant and at downwind

locations in the neighboring community. Over a

15-hour run period, 60 samples were taken in

order to measure the content and concentration

of air emissions as well as odor strength and

offensiveness.

With respect to potential health effects, the air

emissions results were analyzed by R. Drew,

one ofAustralia's leading toxicologists. He con

cluded that the results strongly indicate there is

little risk of any acute or even medium-term

health effects from any of the measured emis

sions. Regulatory agencies are currently carry

ing out an independent review of these data.

Further emissions analysis is now under way

focused on identifying the relative contribution

of individual emission sources within the plant.

Air emission monitoring tests were carried out

on the shale dryer in order to isolate the impacts

of the dryer on emissions and odors. The dryer

heats the shale to remove most of its moisture

content before it enters the AOSTRA Taciuk

Processor (ATP). Some 69 air samples were

collected over the test run period at various

dryer throughput rates and temperatures. These

samples are being analyzed with the same rigor

as the ATP test run.

A team of technical specialists has been formed

to review these emissions results and opera

tional performance to date. The team will pro

vide ongoing recommendations on narrowing

the technical solutions and defining the best way
forward. Depending on the scope of these rec

ommended solutions, achievement of reliable

production will likely be delayed beyond

mid-2000.

Under the terms of the Project Joint-Venture

Agreement, Suncor has the option to fund addi

tional costs in excess of the $239 million to

complete commissioning, up to a maximum of

$20 million. As of January, Suncor is funding
project costs and in return, Suncor receives ad

ditional product entitlement in Stage 1 , up to a

maximum of 8 percent, once the plant is opera

tional.
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ATP Technology

Despite the delay caused by these unexpected

air emissions issues, progress on the primary
goal of proving up the ATP technology at a

large scale in Stage 1 has been encouraging.

Raw shale oil products have been produced at

near design yields and specifications. The ATP

has performed well mechanically through many

startup and shutdown cycles. Additional run

time is required to confirm yield and product

specifications and reliability measures, including
operation of the hydrotreater which as yet has

not operated on raw naphtha.

Perfecting any new technology is a challenging

process and the ATP technology is no excep

tion. While SPP/CPM are disappointed in the

delays experienced in the commissioning proc

ess and the unexpected air emissions issues,
results achieved to date in proving the ATP

technology at scale are encouraging, warranting
perseverance and additional investment in the

project to complete commissioning, says

McFariane.

Improving the ATP Retort

The design of Stage 2 is benefiting significantly

from the experience gained through using the

same team who designed, constructed and

commissioned Stage 1. The Stage 2 ATP de

sign team was formed in late 1998 and includes

representatives from the co-venture, Bechtel,

Krupp Polysius and UMATAC (ATP design en

gineers).

This team spent the first half of 1999 developing
a preliminary design concept for Stage 2. As a

part of this process, the team undertook an

analysis to determine retort size limits given

available machinery and technology capabilities

and feasible enhancements. In addition, there

has been greater customization of the ATP de

sign to the resource characteristics of the Stuart

deposit. Further enhancements to the design

will come from operating data and experience

obtained from reliable production on Stage 1

and from a detailed test program that will be

implemented as Stage 1 becomes fully opera

tional.

PLANNING CONTINUES FOR STUART

STAGE 2

Significance of Stage 2

Under the joint-venture structure for the Stuart

Project, development of Stage 2 is being led by
Southern Pacific Petroleum (Development) Pty
Ltd. (SPPD). Stuart Stage 2 will be a major step

toward commercialization of the ATP oil extrac

tion and upgrading technology. The Stage 2

plan is to include one 25,000-tonne per day ATP

retort, representing a manageable, 4:1 scale-up

from the Stage 1 ATP retort. Stage 1 repre

sents by far the most significant risk phase in

the development of Australia's new oil shale

industry involving a 75:1 scale-up to a

6,000-tonne per day plant.

Progressing RegulatoryApprovals

During the 1999 year, significant progress was

made on regulatory approvals for Stuart

Stage 2. The Stage 2 Mining Lease Application

(MLA) was submitted to the Queensland gov

ernment in September 1999. Approval of the

MLA, among other things, requires the neces

sary environmental clearances, which are the

subject of the Draft Environmental Impact

Statement (EIS) described below. Individual

landowner and native title agreements are also

part of this process.

The Draft EIS for Stage 2 was also completed

and submitted to the Queensland government in

September 1999 after an exhaustive 9-month

investigation.

The co-venturers sought opportunities in the

Draft EIS to make responsible commitments

that go beyond regulatory requirements where

THE SYNTHETIC FUELS REPORT. APRIL 2000

31



 



OIL SHALE

costs and benefits are justified. Areas of par

ticular focus were water management and

greenhouse gas emissions, given the impor

tance of these issues to stakeholders:

Greenhouse Gas Reduction: The co-

venturers committed to reduce greenhouse gas

emissions in Stage 2 by 7 percent from those in

a
"business-as-usual"

scenario. In addition, in

vestment will be undertaken in new technologies

that, if successful and retrofitted, could reduce

Stage 2 greenhouse gas emissions significantly
further. These commitments have been made

even though there is as yet no regulatory re

quirement or framework for greenhouse gas

emissions reduction in Australia.

Water Management: The co-venturers also

committed to exceed best practice in water

management. Systems will be built that protect

against unplanned water discharge in the event

of a 1-in-1 00-year storm, versus the current

standard of a 1-in-20-year storm. In addition,

the ground water monitoring program will be

significantly expanded and conducted in con

sultation with external scientific groups. Mining
plans for Stage 2 have been adjusted to com

pletely avoid disturbance of Boat Creek and to

ensure only temporary diversions of other

smaller freshwater creeks. This will ensure

minimal impact on any ecological activity in the

neighboring Port Curtis.

Given the ever increasing demand on water re

sources in the Gladstone region, the joint ven

ture has committed to collecting, treating and

reusing mine and process waters, not only to

minimize the likelihood of any discharges, but

also to reduce the net demand for freshwater

from local infrastructure.

Comments from the public and government or

ganizations on the Draft EIS were received in

November 1999.

Priorities for 2000

SPPD's target is to obtain all the necessary ap

provals for Stage 2 and to begin the detailed

engineering design by early 2001, subject to

timing on Stage 1.

The Stage 2 design basis is being validated as

results come in from Stage 1 commissioning.

Success of Stage 1 will allow SPPD to finalize

the design basis for Stage 2 toward the end

of 2000.

CORPORATIONS

SUNCOR STILL DETERMINED TO PROVE

SHALE TECHNOLOGY

Suncor Energy Inc. is still working hard to prove

its oil shale technology. Suncor's Stuart Oil

Shale Project is a $250-million demonstration

plant near the Town of Gladstone in the State of

Queensland, Australia. The project is testing
the viability of a Canadian technology to extract

oil from Australia's vast oil shale deposits. Sun

cor is operating the project, which is a joint

venture with Australian partners Southern Pa

cific Petroleum NL and Central Pacific Miner

als NL.

"We have spent several years conducting re

search in the hopes this demonstration plant will

successfully produce oil from oil
shale,"

said

R. George of Suncor in March. "During the last

several months we have encountered opera

tional problems that have challenged our efforts.

Still, we remain dedicated to the project and

expect the technology will produce high quality

oil products in an environmentally responsible
way."

Suncor still intends to complete the plant's

commissioning process later this year.

"Whether or not we proceed with further invest

ment will depend on the technology's effective

ness, managing environmental impacts and re

solving stakeholder
concerns,"

said George.
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TECHNOLOGY

OUTLET ARRANGEMENT AFFECTS ASH

CONTENT IN SHALE OIL FROM 1,000-TON

PER DAY RETORTS

The first high-capacity retort for processing or

ganic-rich Estonian oil shale or kukersite

(13-14 megajoules per kilogram, particle size 25

to 125 millimeters)was launched in 1981 in

Kohtla-JSrve, Estonia. Laboratory and pilot

tests on cool and hot models of retorts with

cross flow of heat carrier had demonstrated that

the use of lower and upper gas outlets in the

retort cool chamber is an effective way to di

minish dust carryover with oil vapors. There

fore, the first 1,000-ton per day retort was de

signed to have lower outlets in addition to upper

ones in the cool chamber. The lower gas outlets

began operating at the end of 1992. V. Yefimov

and S. Doilov discussed the impact of gas outlet

location on ash content in Oil Shale, 1999, Vol

ume 16, Number 4, page 462.

Take-off of oil vapors through four gas outlets

resulted in a decrease in ash content of heavy
oil from 10 to 6 percent on average. Tempera

tures of oil vapor and gas mixture in gas outlets

decreased markedly, especially in the lower

outlets. This was most likely caused by recycle

gas fed to the cooling zone. Lower tempera

tures of oil vapors at the gas outlets also result

from the more even distribution of heat earner in

the oil shale bed in the semicoking chambers.

Oil yield increased from 14 to 15 percent, up to

16 to 17 percent (or from 65 to 70 percent of

FischerAssay up to 75 to 80 percent of Fischer

Assay). Along with this increase in oil yield, op

eration of the unit has become stable during
recent years.

JORDANIAN OIL SHALE TESTED IN

GALOTER PROCESS

El-Lajjun (Jordan) oil shale has been shown to

produce oil and gas using Galoter technology.

K.-A. Yorudas and A. Gavrilov summarized re

cent results in Oil Shale, 1999, Volume 16,

Number 4, pages 408-409.

The Galoter technology uses industrial Solid-

Heat Carrier (SHC) units for condensation and

rectification of oil vapors and gas. Oil fractions

with a specified range of boiling point are taken

directly from the unit. When needed, total oil is

produced. In testing El-Lajjun oil shale, two

fractions of oil (<175C and 175 to 310C) and

the distillation residue were obtained. In oils,

sulfur is represented by thiophenes, naphthene-

thiophene and cycloalkylthiophenes. The frac

tion boiling below 175C contains thiophene and

its homologues in an amount of about 37 mass

percent; it indicates that this fraction is a good

feedstock for separating thiophene and further

producing pure chemicals or preparations

needed in the pharmaceutical and some other

industries.

The expected yields of the end products and

byproducts are as follows: total oil - 107.0 kilo

grams per ton, retort gas - 49.5 kilograms per

ton, tarwater - 39.1 kilograms per ton. The ex

pected chemical efficiency of the process is

80.4 percent. It is expected that 61 .1 percent of

the shale's potential heat of combustion will

transfer into oil, and 19.3 percent into retort gas.

Component analysis of the semicoking gas

showed that sulfur components of gas are

mainly hydrogen sulfide (2.31 volume percent).

Specific heat of gas combustion is 21.74 me

gajoules per cubic meter. Therefore, the gas

may be used as a gaseous fuel, conclude Yoru

das and Gavrilov.

SPONTANEOUS COMBUSTION OF

ESTONIAN DICTYONEMA ARGILLITES

STUDIED

The tendency of Dictyonema argill'ite (a low-

grade oil shale) to self-ignite has been observed

since the
19th

century. Specifically, argill'ite fires

have occurred in slope debris and embank-
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ments under the glint terrace bank in several

places of Northwest Estonia.

A.-T. Pihlak and O. Morozov summarized data

on spontaneous combustion of Dictyonema ar-

gillites in Northwest Estonia in Oil Shale, 1999,
Volume 16, Number 4, pages 500-503.

The stratum of Dictyonema argillite stretches as

a 120-kilometer wide stripe along Estonia's

Northern coast from Hiiumaa to Narva. The

minimum thickness of the stratum in Narva

amounts to some 20 or 30 centimeters. The

stratum turns thicker toward the West, reaching
its maximum of 7 meters near the Cape of

Pddsaspea in Northwest Estonia. Dictyonema

argillite supplies in Estonia amount to

62.3 billion tons with 4.1 billion tons in the area

with best prospects in Northwest Estonia.

Dictyonema argillite is covered by strata of

glauconite clay and limestone, in some places

also by slate clay (shales) from the Varangu

formation. Bedrock consists of the stratum of

pyritic detrital sandstone amounting up to

25 centimeters. In the Maardu quarry
obolus-

conglomerate was mined from these sandstones

to produce phosphate fertilizers. The Dictyo

nema argillite found in the rocks covering
obo-

lus-phosphorite ore was discarded into the dump
together with other cover rocks. Argillite oxi

dized and self-combusted with atmospheric

oxygen (up to 15 new burning places per every

million tons of mined argillite per year) polluting

air,
surface- and ground-water with burning and

leaching products and destroying forest planted

on recultivated spoil heaps. This is why open

mining of obolus-phosphorites was stopped in

Estonia until technology for the effective utiliza

tion of Dictyonema shale is worked out.

Dictyonema argillite is a fuel of low-calorific

value due to its high-ash content (78.3 to

82.8 percent) and in some places it contains

elements like Mo, V, U, Re, etc. in fairly high

concentrations. The average content of organic

substance ranges from 14.7 to 19.2 percent,

calorific value from 5.03 to 5.94 megajoules per

kilogram, and pyrite content from 3.98 to

5.99 percent.

Testing and Results

Determination of the activity of Dictyonema ar

gillite, glauconite and pyritic sandstone in rela

tion to aerial oxygen was carried out in the labo

ratory of the Institute of Chemical Physics and

Biophysics. Activity is expressed by the kinetic

constant of oxygen sorption speed.

During the first 24 hours of oxidizing, argillite

samples absorb 02 from the air on the average

2.5 times more intensively than during the next

200 hours. The data show that in the geo-

chemical Zone I in Northwest Estonia where

argillite stratum is the thickest and its organic

substance content the highest, the activity of

argillite in absorbing oxygen is higher than in the

geochemical Zone II where the stratum is thin

ner and contains less organic substance.

The pyritic sandstone lying in the bedrock of the

argillite stratum has an average tendency to

self-ignition.

Glauconite sandstones do not bum but also ab

sorb oxygen from the air.

The activity of mineral resources and rocks in

cluding argillites and pyrite in relation to oxygen

depends to a great extent on their humidity in

the spoil heap. Their activity is maximal when

the pores are 10 to 40 percent saturated with

water.

Oxygen sorption constants of rocks and indus

trial materials are indicators that can be used

not only for estimating self-ignition but also for

prognosticating the speed of temperature rise

while making calculations for combustion. They
can also be used in making calculations of at

mospheric oxygen balance for ship holds,
closed rooms and mine passages.

The research demonstrated an extremely high

tendency of Dictyonema argillite from Northwest
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Estonia to self-ignition. This is why in carrying
out any construction or mining work in North

west Estonia where Dictyonema argillite is pres

ent, one must take measures to prevent its self-

ignition.

HYDROTREATING UK SHALE OIL REDUCES

POLYNUCLEAR AROMATICS

Shale oils derived via pyrolysis of oil shales are

characterized by high alkene contents, high het-

ero-atomic content and higher aromaticity com

pared to crude petroleum oils. Catalytic hy-

drotreatment has been applied to shale oil to

both reduce the hetero-atomic content and also

improve the quality and yield of the refined oil

end product. Conventional catalysts used for

catalytic hydrotreatment have included cobalt-

molybdenum (Co-Mo) and nickel-molybdenum

(Ni-Mo) catalysts, supported on aluminum ox

ide, for hydrodesulfurization and hydrodenitro-

genation.

H. Chishti and P. Williams of the University of

Leeds, United Kingdom reported on the aro

matic and hetero-aromatic compositional

changes during catalytic hydrotreatment of

shale oil in Fuel 78 (1999) pages 1805-1815.

Oil shale of Jurassic, Kimmeridge Clay age was

pyrolyzed under nitrogen at 525C in a fixed-bed

reactor to produce shale oil. The shale oil was

subsequently catalytically hydrotreated at

15.0 MPa pressure and 400C in a stirred reac

tor with a Ni-Mo catalyst and residence times

from 8 to 56 hours. The shale oils were ana

lyzed for Polycyclic Aromatic Hydrocarbons

(PAH) and for nitrogen-PAH (PANH) and sulfur-

PAH (PASH), before and after hydrotreatment.

Pyrolysis Yield and Gas Composition

The oil yield from the pyrolysis of the Kimme

ridge oil shale was 8.2 weight percent. Gas

yield was 7.6 weight percent and the main gases

consisted of hydrogen, carbon monoxide, car

bon dioxide, methane, ethane, ethene, propane,

propene, with lower concentrations of iso-

butane, butane and butene.

Catalytic Hydrotreatment of Shale Oil

Catalytic hydrotreatment of the shale oil derived

from the pyrolysis experiments resulted in an

initial reduction in the oil yield, which further

reduced with increasing hydrotreatment time

(93.4 weight percent oil at 8 hours versus

90.1 weight percent oil at 56 hours). There was

consequent increase in water, coke and gas

evolution, which further increased as the hy
drotreatment time was increased.

Table 1 shows the elemental analysis of the raw

shale oil and catalytically hydrotreated oil in re

lation to hydrotreatment time. The increased

carbon/hydrogen ratio indicates that significant

hydrogenation of the shale oil has occurred

during the catalytic hydrotreatment. The results

also show that the Ni-Mo catalyst is effective in

the removal of both nitrogen and sulfur from the

oil. The raw, untreated shale oil contained

1.4 weight percent nitrogen and 2.2 weight per

cent sulfur; the first 8 hours of catalytic hy
drotreatment showed a 50 percent reduction in

oil nitrogen content, and a 73 percent reduction

in sulfur content. Trace levels (<0.1 weight per

cent) for oil nitrogen content were produced af

ter 56 hours, while trace levels for sulfur were

obtained after 32 hours.

Chemical class fractionation of the raw shale oil

and after catalytic hydrotreatment was com

pared in relation to hydrotreatment time. The

pentane, benzene, ethyl acetate and methanol

fractions are related to, the aliphatic, aromatic,

ester and polar fractions, respectively. Catalytic

hydrotreatment of the shale oil produced a

marked increase in the pentane fraction, from

an initial 16.8 weight percent in the raw shale oil

rising to 50.9 weight percent after 56 hours hy
drotreatment time. Similarly, the benzene frac

tion increased from 31 .7 weight percent in the

raw shale oil to 41 .8 weight percent in the hy
drotreated shale oil after 56 hours hydrotreat

ment time. There was a corresponding de

crease in the ethyl acetate and methanol frac

tions as hydrotreatment time was increased.
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TABLE 1

ELEMENTAL ANALYSIS OF PYROLYTIC SHALE OIL AND CATALYTIC HYDROTREATED

SHALE OIL IN RELATION TO HYDROTREATMENT TIME (WL%)

Hydrotreatment Time (m

Element Raw Oil 8 16 24 32 40 48 56

Carbon 79.2 85.1 85.9 86.5 86.7 87.4 87.1 87.7

Hydrogen 7.9 10.1 10.5 10.7 11.0 11.5 11.6 11.7

Nitrogen 1.4 0.7 0.6 0.3 0.2 0.1 0.1 Tr

Sulfur 2.2 0.6 0.2 0.1 Tr Tr Tr Tr

Hydrogen/Carbon Ratio 1.2 1.4 1.5 1.5 1.5 1.6 1.6 1.6

Comparison of the pentane fractions of the raw

and catalytically hydrotreated oil shows a dis

tinct shift from C-i^C^ hydrocarbons to lower

molecular weight compounds with a significant

proportion of the compounds with carbon num

ber less than C15 after catalytic hydrotreatment.

Of more significance, the alkene peaks domi

nant in the raw shale oil have been markedly
reduced. A lighter oil is therefore produced

from the catalytic hydrotreatment of shale oil,

with a higher alkane and aromatic content.

The PAH, PANH and PASH in the benzene

fraction of the raw shale oil and catalytically hy
drotreated shale oil were compared in relation to

hydrotreatment time.

The single-ring aromatic compounds present in

the shale oil were benzene, toluene and alky

lated derivatives, and the PAH present were

mainly naphthalene, phenanthrene and anthra

cene and their alkylated derivatives. In general

terms, single-ring and two-ring PAH showed an

increase in concentration in the hydrotreated

shale oil in relation to increasing hydrotreatment

time, whereas three- and four-ring PAH showed

a decrease. Individual PAH species such as the

alkylated benzenes and alkylated naphthalenes

reached high concentrations in the hydrotreated

shale oil after 56 hours hydrotreatment time.

There did not appear to be significant dealkyla-

tion of alkylated PAH. While hydrogenation and

hydrocracking reactions would lead to a de

crease in alkylated PAH, there may have been

increased formation of PAH from hydrodenitro-

genation, hydrodesulfurization, hydrodeoxy-

genation and hydrocracking reactions. The raw

shale oil, showed a wide range of single,
two-

and three-ring PANH.

The majority of the PANH in the benzene frac

tion were pyridine, quinoline, carbazole and their

alkylated derivatives. In addition, nitrogen-

containing naphthalenes, anthracene and phe

nanthrene were also present. The influence of

catalytic hydrotreatment was to reduce the con

centration of all the PANH, and with increasing
hydrotreatment time the PANH were reduced in

concentration to low levels. The majority of

PASH found in the benzene fraction are the

benzothiophenes and dibenzothiophenes and

their alkylated derivatives. The influence of

catalytic hydrotreatment is to remove the PASH

such that after about 32 to 48 hours the PASH

were reduced in concentration to undetectable

levels.

The total aromatic and PAH concentration in the

raw shale oil represented approximately
5.1 weight percent of the raw total oil, which
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after catalytic hydrotreatment increased to

6.7 weight percent after 8 hours and to

11.2 weight percent after 56 hours hydrotreat

ment.

Thus PAH comprise a significant proportion of

the total oil. The presence of PAH in shale oils

has been deemed a potential health hazard due

to the presence of mutagenic and/or carcino

genic species. Catalytic hydrotreatment has

been shown in this work to increase the total

PAH present in the shale oil. However, the in

crease in PAH concentration is only for the
two-

ring PAH, which increase from 30 milligrams per

gram after 8 hours hydrotreatment to 87 milli

grams per gram after 56 hours hydrotreatment.

The three- and four-ring PAH show a decrease

in concentration with increasing catalytic hy
drotreatment time. This has significance, as it is

the three- and four-ring PAH which tend to have

the greatest health hazard. The majority of the

two-ring PAH show no carcinogenic or muta

genic activity. Consequently, in the catalyzed

hydrotreated shale oil, although there is an in

crease in PAH, the relative health hazard ap

pears to be reduced. The quality of the oil is

also improved as evidenced by the higher hy
drogen/carbon ratio. Calorific values of the raw

and catalytically hydrotreated oils were deter

mined and showed an increase from

37.4 MJ
kg'1

(Megajoules per kilogram) for the

raw oil shale to 42.1 MJ
kg"1

for the 8-hour hy
drotreated oil rising to 45.5 MJ

kg"1

for the oil

after 56-hour hydrotreatment time.

ENVIRONMENT

STUART CO-VENTURERS UNDERTAKE

LARGE REFORESTATION

DEMONSTRATION PROJECT

In 1999 Suncor began commissioning the

A$250-million Stuart oil shale development

project in Queensland, Australia. The company

and its co-venturers, Southern Pacific Petro

leum/Central Pacific Minerals, are seeking to

expand the project into a A$2.5-billion commer

cial operation by 2007, producing approximately

85,000 barrels of oil per day. Future project

stages will move forward if the development

proves technically, economically, socially and

environmentally viable.

The Environmental Health Safety efforts were

summarized in: 1999 Progress Report on Envi

ronmental, Health and Safety, and Social Re

sponsibility.

A full environmental impact assessment was

earned out and an environmental management

strategy was submitted to the Queensland gov

ernment before construction of the plant began

in 1997. As the project operator, Suncor plans

to meet or exceed applicable environmental

regulations and standards.

Suncor has in place a comprehensive land re

habilitation plan for all phases of the project.

Land rehabilitation is already under way to re

store land disturbed by surface mining.

Recently, the company and its co-venturers

joined the Australian Greenhouse Challenge

program. Under this program, the companies

will develop a cooperative agreement with the

Australian Greenhouse Office to reduce green

house gas emissions from the project and will

provide annual progress reports to the Austra

lian government and public.

In the first stage of the project, C02 emissions

are projected to be 400,000 tonnes per year,

less than 0.1 percent of total Australian emis

sions. By 2007, when the project is expected to

reach commercial production, the
companies'

objective is to produce oil with net greenhouse

gas emissions comparable to or less than emis

sions from the production of conventional oil

products. At that point, C02 emissions from the

project would amount to approximately

0.27 percent of Australia's total current

C02 emissions.

Suncor and its co-venturers in the Stuart Oil

Shale Project have embarked on the largest trial

reforestation project for C02 capture ever un

dertaken in Australia.
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Representing a total investment of more than

A$3.5 million over 4 years, the project will in

volve the planting of more than 180,000 native

eucalyptus trees. The project, located primarily
on marginal agricultural land in Central Queen

sland, will study the use of reforestation as a

carbon sink to offset greenhouse gas emissions

from potential oil shale development.

The planting of trees also has the potential to

help reduce erosion and sediment runoff into the
coastal waterways, which currently pose a sig

nificant threat to the Great Barrier Reef.

RESOURCE

UTAH OIL SHALE LANDS RETURNED TO

INDIAN TRIBE

In January 2000, United States Department of

Energy Secretary B. Richardson signed an

agreement for the largest voluntary return of

land to Native Americans in the Lower-48

states.

The return of the 90,000 acres in the Naval Oil

Shale Reserve No. 2 to the Ute Tribe will pro

vide funding for the cleanup and removal of

10.5 million tons of radioactive mill tailings near

two national parks: Arches and Canyonlands.

The agreement also will provide for additional

environmental protection for a 75-mile stretch of

the Green River.

The reserve was withdrawn from the Tribe's

reservation in 1916 to provide naval vessels

with fuel in time of war. Now many ships are

not as reliant on petroleum products and the

reserve is not as critical to national defense.

The agreement was signed by Secretary Rich

ardson, Interior Secretary B. Babbitt, Ute Tribal

Business Committee Chairman R. McCook, Sr.,

and Utah Governor M. Leavitt. It will have to be

presented to Congress for approval.

Twelve percent of federal royalty payment on

natural resources currently leased on the lands

will be put in a fund to clean up the uranium mill

tailings south of Moab. The Ute Tribe will re

ceive the balance or 88 percent of any lease

payments.

The Ute Tribe has agreed to establish a

0.25-mile corridor for a 75-mile stretch of the

Green River that will be protected as environ

mentally sensitive.

The uranium mill tailings are the radioactive

contaminated waste products from nearly

3 decades of uranium mining operations. The

waste site is a 110-foot mound. The tailings

contain low levels of radioactivity from uranium

and radium, as well as hazardous materials

such as arsenic, lead, mercury and other

chemicals and metals left by the processes used

to separate the uranium from the ore. Under

the agreement reached in January, the Depart

ment of Energy will seek funding and authority

to remove the tailings and clean up the site.

The clean up would be regulated by the United

States Nuclear Regulatory Commission with

participation by the State of Utah.

Estimated cost to move the tailings away from

Moab is about $300 million. The uranium waste

resulted from mill operations at the site from

1956 to 1984. Atlas Corporation, which owned

the site from 1962 through 1984, filed for bank

ruptcy 2 years ago.

The proposed cooperative undertaking for the

Reserve is designed to also help the Ute Indian

Tribe seek new opportunities to achieve self

determination, protect their sovereignty and

provide for the economic and social needs of its

members.

The Naval Reserve appears to be rich in con

ventional oil and gas reserves, but the size of

the reserve has not been explored, according to

the director of the Naval Reserve with the De

partment of Energy.
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PROJECT ACTIVITIES

EXXONMOBIL BEGINS PRODUCTION AT

CERRO NEGRO IN ORINOCO BELT

Cerro Negro field, a major oil development proj
ect in Venezuela's Orinoco heavy oil belt, has

begun production at the rate of 60,000 barrels

per day.

The basic engineering for Cerro Negro's heavy
crude upgrader project was completed in 1997

by Foster Wheeler USA, Kellogg Brown & Root

and Inelectra. Cerro Negro chose Foster

Wheeler's Selective Yield Delayed Coking
(SYDECSM) technology for the project.

The extra-heavy oil is being blended with con

densate to help it flow through a 180-mile pipe

line to storage and loading facilities at the Jose

Industrial Complex on Venezuela's Eastern

coast. Form there it is shipped mainly to the

Chalmette, Louisiana (USA), refinery which is

owned by an ExxonMobil affiliate and an affili

ate of Petroleos de Venezuela, S.A. (PDVSA),
the state-owned oil company ofVenezuela.

Production is expected to double to

120,000 barrels per day next year when a new

processing unit is completed to help improve the

heavy oil's flow capabilities.

The field is estimated to contain a total of

1.5 billion barrels of recoverable oil.

Operadora Cerro Negro, an ExxonMobil affili

ate, operates Cerro Negro on behalf of a con

sortium of Mobil Production e Industrializacion

de Venezuela Inc. (41 .67 percent), affiliates of

PDVSA (41.67 percent) and Veba Oel AG of

Germany (16.66 percent).

RECORDS TOPPLE AT SYNCRUDE

Syncrude
th

Canada Ltd. ended 1999 with its
18"*

production record in 21 years. Some

81 .4 million barrels of Syncrude Sweet Blend

were shipped (223,000 barrels per day), up from

76.6 million barrels in 1998. A new daily pro

duction record of 269,100 barrels was also set

during the year.

Most striking was Syncrude's cost performance,

its best ever (see Table 1). At $12.64 per bar

rel, a reduction of nearly $1 per barrel

over 1998, it is the lowest total unit cost in Syn

crude's history. Direct operating expenditures of

$1 1 .44 per barrel were also a record low.

During the year about $750 million was invested

in capital projects, Syncrude's largest capital

expenditure in any single year. Investments

were made in such projects as Syncrude's

Aurora Mine, which will commence production in

May 2000; the second train of the North Mine

project, which started up in July 1999; a major

bitumen processing facility, known as a Vacuum

Distillation Unit, at the Syncrude Upgrader,
which started up in November 1999; an

80-megawatt gas turbine power generator at

Aurora, which came on-line in July 1999; and

the composite tailings land reclamation project.

In 2000 about $450 million will be invested in

capital projects as part of the $8 billion suite of

Syncrude 21 projects.

Syncrude's plans to expand its Mildred Lake

Upgrader made headway in 1999 when the Al

berta Energy and Utilities Board approved a

doubling of the Upgrader's capacity to about

170 million barrels of crude oil per year. This

year approximately $80 million will be spent on

the final phase of engineering work. Final ap

proval by Syncrude's owners is expected in

early 2001 . As the Upgrader comes on-stream

in two stages between 2003-2007, Syncrude's

signature low-sulfur crude oil will feature even

lower sulfur content and better overall quality.
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TABLE 1

SYNCRUDE JOINT VENTURE OPERATING RESULTS

3 Months Ending December

1999 1998

Including G&A, research and Syncrude 21 development expenses.

Amounts expressed in Canadian dollars.

Year Ending December

1999 1998

Shipments of Syncrude Sweet Blend

Millions of Barrels 20.4 20.8 81.4 76.7

Thousands of Barrels per Day 222 226 223 210

Direct Operating Expenditures

Millions of Dollars 252 229 932 976

Unit Cost per Barrel $12.32 $11.03 $11.44 $12.74

Total
Expense*

Millions of Dollars 279 245 1,029 1,040

Unit Cost per Barrel $13.66 $11.82 $12.64 $13.57

Capital Expenditures, Millions of Dollars

Total Capital Expenditures 196 139 752 481

Development/Investment 108 106 608 317

Sustaining and Maintenance 88 33 144 164

REVIEW OF SUNCOR'S PROJECT

MILLENNIUM DETAILS PLANT

CONFIGURATION

Suncor Energy's Project Millennium was ex

plained by B. Lang at the Beyond 2000The

Future Looks Heavy Conference held in Cal

gary, Alberta, Canada, last November.

Project Millennium is a $2.0-billion investment

which will expand oil sands production to

210,000 barrels per day by 2002. These im

provements are expected to reduce cash oper

ating costs to C$10 to $1 1 per barrel, down from

the current level of about C$15 per barrel. This

makes the final product competitive with full-

cycle conventional oil and gas. This capital will

be used to:

Expand Steepbank Mine

Build a new primary extraction plant and

expand existing extraction facilities

Construct new upgrading facilities

(delayed coking and hydrotreating)

Install new gas turbines and Heat Re

covery Steam Generators (HRSG) by
TransAlta

It will also be used to improve upgrade technol

ogy in all areas of the plant.
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The improvements to the mine and ore prepa

ration steps include:

Mine by truck and shovel

Ore crushed by three-toothed sizers

Breakers screen and reduce ore while

mixing with water

-2 inch slurry pumped to storage tanks

Hydrotransport to extraction plant

The new extraction plant (Figure 1) will include:

Primary separation cells

Secondary flotation

Froth deaerated and heated creating

"raw
bitumen"

Interstage tank

IPS and cyclones

Westfailia centrifuges

NRUA/UR

CT within 9 years of startup

The Millennium upgrading process is outlined in

Figure 2. The product mix includes light sweet

and sour crude oil and diesel as well as custom-

blended oil products.

FIGURE 1

BITUMEN PRODUCTION PROCESS FLOWDIAGRAM

TRUCKS

HOTWATER

OSLSANO

MMNMO

INTERSTAGE TANK I
DEARATOR

EXTRACTION

DILUTED BITUMEN

FROTH TREATMENT STORAGE

UPGRAOMG

SOURCE: LANG
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FIGURE 2

MILLENNIUMUPGRADING PROCESS

Oil Sand
Bitumen

Hydrogen Plant

Natural Gas

SulphurComplex
*-
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on the market
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for internal use

Crude Oil

Products

for sale in
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Hydrogen

-*

Coke

Used in ES

Stockpiled

Sales

DRU = Diluent Recovery Unit; DCU = Delayed Coker Unit; HT = Hydrotreatment

SOURCE: LANG

Millennium Alliance Companies who will engi

neer, procure, construct and startup Suncor's

Millennium Project include:

Suncor Energy Inc.

Bantrel (Plants 52, 53, 55, 56)
Delta Hudson (sulfur plant)

Fluor Daniel (energy services)
Fluor Constructors

Bechtel

SNC-Lavalin (bitumen production)

SUNCOR TRAINING NEW TECHNICIANS

FOR UPGRADING PLANT

The International Center for Education and De

velopment (CIED), Petroleos de Venezuela's

(PDVSA) corporate university, and SINCOR, a

strategic association of the TotalFina, Statoil

and PDVSA companies, are developing an am

bitious human resources training, formation and

development program to meet SINCOR's re

quirements in carrying out production, transport

and crude upgrading operations in the State of

Anzoategui in Eastern Venezuela.

This effort, in which SINCOR is investing over

$10 million, and CIED a total of more than

350,000 man-hours of training, is the result of

agreements signed by both companies and in

cludes the formation of 53 specialist technicians

who will operate and maintain production facili

ties in the Orinoco Belt's Zuata sector, in South-

em Anzoategui, and 156 specialist technicians

(including 37 young women) who will be in

charge of operating the future crude upgrading

plant at Jose, in the North of the same state.
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The specialist technicians in crude-upgrading
operations began their basic/theoretical training
in June 1999 at the CIED centers in Valencia,
ParaguanS and Puerto La Cruz. The practical

training phase, which began in January is to

continue throughout the current year.

The specialist technicians in production opera

tions and maintenance began last April, its

completion being foreseen for this April.

The trainees will progressively be responsible

for the operation and maintenance of SINCOR'S

oil production equipment and of its main crude

collection station in the Orinoco Belt. The com

pany expects to initiate an early production of

40,000 barrels next September, rising thereafter

to achieve a programmed level of

200,000 barrels per day by the beginning
of 2002.

SUNCOR PLANS TO EXPAND OIL SANDS

PRODUCTION TO 450,000 BPD BY 2008

Suncor Energy's Annual Report for 1999 reports

it was a year of achievements and challenges

for the company.

During 1999 Suncor began construction on the

second phase of Project Millennium. This

$2-billion expansion of its Oil Sands operation

will require, at the peak of construction, nearly

3,000 workers.

At the same time, unexpectedly high oil prices

have helped soften the blow of some disap

pointing operational results. At the Oil Sands

plant two unplanned outages at the upgrader

facilities resulted in 16 lost days of production.

Despite the outages, Oil Sands still managed to

meet its average daily production target for the

year, averaging 105,600 barrels per day.

Oil Sands Growth Program

Construction on Suncor's Oil Sands expansion,

one of the largest construction projects in North

America by a single company, began in the

second quarter of 1999. Project Millennium is

designed to more than double oil sands produc

tion by 2003, while at the same time reducing

estimated cash costs to between $8.50 and

$9.50 per barrel. In addition to increasing pro

duction and lowering unit costs, Millennium

should also improve the plant's overall reliabil

ity. When part of the process goes down for

maintenance, its operating counterpart can con

tinue to process oil. The need for shutdowns of

the entire plant will be virtually eliminated.

Oil sands production is targeted to rise to

225,000 barrels of oil per day in 2003. Increas

ing production capacity is the best and fastest

way for Suncor to achieve lower costs and

higher margins.

In early 2000 Suncor entered the next phase of

oil sands growth beyond Project Millennium by

announcing its plan to invest $750 million to

further expand the oil sands business. The plan

includes building a commercial-scale in situ fa

cility and expanding the upgrading capacity of

the Fort McMurray operation. The Firebag
In Situ Oil Sands Project is designed to deliver

an additional 35,000 barrels per day of bitumen

to the Oil Sands plant by the end of 2004. The

Firebag heavy-oil deposits, located about

40 kilometers from Fort McMurray, could have a

recovery potential of about 5 billion barrels of

bitumen and will be developed using
steam-

assisted gravity drainage technology that Sun

cor has piloted at its Burnt Lake facility.

Long-term plans call for further investments to

increase in situ production in stages to about

140,000 barrels of bitumen per day by the end

of the decade. With increasing investment in

new technology and continuing actions to re

duce the environmental impacts of its opera

tions, the company's long-term vision is to in

crease oil sands production to about 400,000 to

450,000 barrels per day in 2008.

Priorities for the Future

This year's annual report has a new section that

highlights Suncor's priorities for future growth in

Oil Sands. After the Steepbank Mine project,

Project Millennium is the next major step in this
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direction and even more growth is in store for oil

sands in the future. Suncor's extensive land

position in northeastern Alberta has mineable

and in situ resources that have the potential to

provide a major platform for future growth well

into the
21st

century. By increasing production

and driving costs down, the company is moving
closer to its goal of becoming the lowest cost

producer of oil in North America.

Project Millennium Highlights

The $2-billion second phase of the project is

scheduled to begin commissioning in the second

half of 2001 , and is designed to increase total

Oil Sands production to 225,000 barrels per day
in 2003.

Nearly 80 percent of the engineering and

17 percent of construction was completed by
1999 year-end.

In the business of mining for oil, bigger is better.

Project Millennium is part of staged growth ini

tiatives that are designed to nearly double the

size of Suncor's current Oil Sands operation.

The benefits of higher production and lower

costs are demonstrated by the project's bottom-

line economics: even if the price of crude de

clines below US$15 per barrel, the project would

still generate a return higher than Suncor's

1 1 percent cost of capital.

Project Millennium will increase reliability and

availability of facilities. Each part of the proc

ess, from mining to upgrading, will be
"twinned."

This means the ability to sustain some of the

cash flow from operations during planned

maintenance shutdowns of one process or train.

Earnings Analysis

Oil Sands earned $174 million in 1999 com

pared with $150 million in 1998. This increase

was mainly attributable to a 7.5 percent increase

in sales volumes and a 7.5 percent increase in

Oil Sands crude oil price. These factors were

partly offset by higher operating costs.

This increase was tempered by a loss in Sun

cor's hedging program which decreased year-

over-year Oil Sands earnings by $88 million.

During a 28-day, $20-million planned mainte

nance shutdown in 1999, Oil Sands halted pro

duction of sweet (low-sulfur) crude oil and pro

duced only lower-priced sour crude oil. In addi

tion, the selling price of sour crude declined

during this period.

The combined impact of the above price factors

resulted in a year-over-year increase in earnings

of $46 million.

Oil Sands increased production in 1999 for the

seventh consecutive year to an average of

105,600 barrels per day from 93,600 barrels per

day in 1998 (Figure 1).

Cash operating costs did not change signifi

cantly from 1998 (Figure 1). Per-barrel costs

were $11.40 in 1999-4he first full year of op
eration for the Steepbank Mine and fixed plant

expansion compared with $11.50 in 1998.

Total operating costs per barrel in 1999 were

$14.75against a target of $13.85compared

with $13.75 per barrel in 1998. (Total operating

costs are equal to the total expenses including
non-cash charges, but excluding royalties

divided by sales volumes.)

Proven and Probable Reserves

Suncor has recognized proven and probable

reserves of 476 million barrels and 2,028 million

barrels, respectively, on the leases it currently

has regulatory approval to mine. Management

believes that these reserves are sufficient to

support Project Millennium's planned production

target of 225,000 barrels per day for a period in

excess of 30 years. This does not include any

reserves for the Firebag in situ leases. Man

agement believes that by 2002, Oil Sands could

reduce total operating costs, which include cash

operating costs as well as non-cash costs, to the

$11.65 to $12.75 per barrel range from the 1999

level of $14.75 per barrel.
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FIGURE 1

PRODUCTIONAND CASH OPERATING COSTS
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CANADIAN NATURAL RESOURCES PLANS

HUGE NORTHERN LIGHTS OIL SANDS

PROJECT

Canadian Natural Resources Ltd. is planning a

C$6.5-billion (US$4.5-billion) Alberta oil sands

project. Canadian Natural Resources plans to

develop the huge mining and drilling venture on

oil-sands-rich Athabasca region lands acquired

with properties it bought last year for just over

C$1 billion from BP Amoco Pic. When the

company purchased the BP Amoco properties, it

was mostly interested in conventional heavy-

crude assets in Alberta's Pelican Lake and Prim

rose regions, where it plans to spend

C$2.8 billion drilling 1 ,900 wells over the next

7 years.

The oil sands lease, called Mic Mac, is located

north of Fort McMurray in Northeastern Alberta,
near the vast open-pit mines and big processing
plants operated by Syncrude Canada Ltd. and

Suncor Energy Inc., as well as a C$4.1-billion

project now being built by Shell Canada Ltd.,

Chevron Corporation and Western Oil

Sands Ltd. Canadian Natural foresees output of

300,000 barrels per day from an impressive

3.6 billion barrels of oil sands reserves.

A. Markin of Canadian Natural said Mic Mac

would likely be developed using two methods.

Two-thirds of the production would come from

oil sands mined from an open pit on the lease.

The remainder would be recovered using

steam-assisted gravity drainage which is also

used in heavy-crude oil production.

Improvements over the last decade in technol

ogy for mining oil sands, extracting the bitumen

or extra-heavy oil and processing it into refinery-

ready light crude have lowered costs to where it

is competitive with conventional oil, according to

Canadian Natural.

Initial studies are to be completed by Septem

ber, said Canadian Natural. The project would

begin production in 7 years, pending regulatory

approvals, and would have initial production of

300,000 barrels per day from a combination of

open-pit mining and a heavy-oil operation.

Markin said a long lead-time is needed on the

project because the company has not been in

volved in oil sands before.
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SURMONT PROJECT COULD PRODUCE

100,000 BARRELS PER DAY FOR 140 YEARS

Gulfs Surmont Oil Sands Project was reviewed

at the Beyond 2000The Future Looks Heavy
Conference held in Calgary, Alberta, Canada,
last November.

The Surmont oil sands project is located about

45 miles south of Syncrude's facility in Alberta,
Canada. The project will employ the Steam-

Assisted Gravity Drainage (SAGD) process to

recover the oil from the site.

The Surmont site has an estimated 15 billion

barrels of original oil in place. The total recov

ery from these oil sands is estimated at more

than 5 billion barrels of oil. This translates to a

production rate of 100,000 barrels of oil per day

(bopd) for more than 140 years or 200,000 bopd

for 70 years or more.

Gulf projects a capital expenditure of $1.1 billion

initially and $1 .4 billion sustaining for this proj

ect. Operating expenses are estimated at

$5 per barrel and capital costs at $3 per barrel.

The conceptual engineering for the project is

complete. Baseline environmental data was

collected in 1998.

Gulf filed its initial application with the Alberta

Energy and Utilities Board in November 1996.

Gas/Bitumen hearings ended in Septem

ber 1999. The regulatory application is sched

uled for completion in the second-quarter of

2000 and regulatory approval is expected by the

first-quarter of 2002.

Construction of the commercial project will be

gin between 2002 and 2004. The first

25,000-barrel per day phase is anticipated by
the third-quarter of 2004.

To meet this timeline Gulf already has enlisted

TotalFina as a partner in the Surmont project.

The next steps to commercialization include:

Delineation drilling program

Pilot facility enhancements

Commercial length horizontal well pair

As available crude oil resources become in

creasingly heavy (Figure 1 ,
next page), Gulf

sees the Surmont project as the key to its future

growth.

DOVER SAGD PROJECT DEMONSTRATES

750-METERWELL

Northstar's Dover Steam-Assisted Gravity
Drainage (SAGD) project was reviewed at the

Beyond 2000The Future Looks Heavy Con

ference held in Calgary, Alberta, Canada, last

November.

Dover SAGD Project History

The first SAGD field tests began in 1987 with

three well pairs 60 meters in length on 25-meter

spacing. Performance was encouraging and led

to commercial-scale development, Phase B.

Phase B was initiated in 1991 to scale up well

length to 500 meters on 70-meter spacing.

Phase B is still operating today after producing

3.4 million barrels of bitumen. Project engi

neers are now experimenting with wind-down

strategy using natural gas to maintain steam

chamber pressure.

Phase D was initiated in 1996 to develop tech

nology to allow SAGD production from surface-

drilled wells. One 300-meter and one 750-meter

well were completed, and both successfully

demonstrated self-flowing production to the

surface using steam/gas lift at a well-length of

750 meters. Modeling of the Phase D reservoir

and tubular flow regimes led to optimization of

well design. The well performance now com

pares favorably with Phase B.

Current Project Efforts

Phase E well, a 750-meter long well, offsetting

Phase B by 120 meters, was started up in
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FIGURE 1

PROJECTED CRUDE OILRESOURCES

1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009

SOURCE: AULT

May 1999. The objective of this phase is to in

vestigate operating problems related to con

ducting SAGD adjacent to a mature well pair.

The operating strategy is to run a SAGD pilot

using a mixture of methane and steam.

The production for Phase B performance is pre

dicted to be as follows:

800 barrels oil per day for 750-meterwell

pair

Cumulative steam/oil ratio of 2.7 based

on dry steam

Predicted recovery 60 percent original oil

in place

Co-injection of gas and steam was initiated

May 1998 at 1 to 2 mole percent in the Phase B

pilot. Gas production has increased since injec

tion was initiated. The gas concentration in the

steam chamber is building up slower than pre

dicted and the bitumen production rate is higher

than expected.

Steam circulation was initiated in May 1999 in

the Phase E pilot. The well is producing at

60 percent of predicted peak production. Co-

injection of gas and steam has been initiated.

The technical challenges have been identified

as follows:

Maintain pressure in the Phase B pilot as

the Phase E well chamber communi

cates laterally.

Determine the economics of maintaining
pressure using a nitrogen generation

unit.

Achieve pipeline connection to market.
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AEC'S FOSTER CREEK SAGD PROJECT

COULD LEAD TO 100,000 BARRELS PER

DAY

The Alberta Energy Company Oil and Gas

(AEC) Foster Creek Steam-Assisted Gravity
Drainage (SAGD) project was summarized at

the Beyond 2000The Future Looks Heavy
Conference held in Calgary, Alberta, Canada,
last November.

The Foster Creek pilot plant is located in the

Primrose Range north of Burnt Lake in Alberta,
Canada. The pilot facility, which consists of

three well pairs, will produce 2,000 barrels per

day (see Figure 1). To date the pilot has deliv

ered sustainable oil rates of 1,000 to

1 ,500 barrels oil per day. A steam/oil ratio of

2:3 is currently being maintained. A vertical

cross-section of the SAGD process used in

these wells is presented in Figure 2. Typical

reservoir and fluid properties are summarized in

Table 1.

The project is currently approved for production

of 20,000 barrels oil per day. The commercial

project potential is estimated at 100,000 barrels

oil per day, according to AEC.

FIGURE 1

SAGD PROJECT

R.4W4M Pilot

Facility 2,000 bpd

Wells 3 Well Pairs

Produdng 1 Since May '97

T.70

Drifted 98-99

Drilled 97-98

^Drifted 96-97

SOURCE:AEC
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FIGURE 2

SAGD PROCESSVERTICALCROSSSECTION

Top ofMcMurray

Heated Oil

/Flows toWell

So s 0.8

Sw 0,2

SOURCE: AEC

TABLE 1

TYPICAL RESERVOIR AND FLUID PROPERTIES

Average Depth (m)
Net Pay (m)

Porosity (%)
Oil Saturation (%)
Sand Permeability (Darcies)

Reservoir Temperature (C)
API Gravity
Oil Viscosity (cp@ 12.0C)
Oil Viscosity (cp@ 220.0C)

5.0

475.0

25.0

33.0

85.0

-10.0

12.0

9.5

500,000

5.0
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PROTESTORS REMOVED FROM COKE

DRUM BOUND FOR SUNCOR OIL SANDS

PLANT

In March Suncor Energy Inc. announced that a

giant coke drum destined for Fort McMurray,
Alberta, Canada, has resumed its journey to the
company's oil sands plant. The Royal Canadian

Mounted Police arrested Greenpeace protestors

who had attached themselves to the vessel, al

lowing the rig carrying the coke drum to con

tinue on the road without incident. The demon

stration did not affect Suncor's oil sands expan

sion, which is proceeding on schedule.

R. George of Suncor met with Greenpeace offi

cials and says although he is disappointed by
the protest, the talks were generally positive.

"We take the climate change issue seriously and

we are willing to listen to all our
stakeholders,"

says George. "We are committed to reducing
the environmental impact of our operations and

we are also investing in alternatives for the fu

ture.

CORPORATIONS

HUSKY OIL PUTS UPGRADER EXPANSION

ON HOLD

Husky Oil Ltd. put plans on hold for a

C$500 million expansion of its heavy oil up

grader at Lloydminster, Alberta, Canada. Con

struction start will now be delayed until 2001 at

the earliest.

Plans originally called for a start in second-

half 1999 of a project to increase production to

150,000 barrels per day from 50,000 barrels per

day. Husky said the expansion is not canceled

and it is still evaluating new processes and

technology. The company will make a decision

on the project in fourth-quarter 2000; it would

then have to complete engineering design and

seek regulatory approval in 2001 .

TECHNOLOGY

SHELL BUYS PUMPS FOR ATHABASCA

PROJECT

Shell Canada Ltd. let a $20-million contract to

Flowserve Corporation, Dallas, Texas, to supply
more than 200 API-engineered and ANSI-

process pumps for its C$3.8-billion Athabasca

oil sands project in Northern Alberta, Canada.

Delivery of the pumps will coincide with the ini

tial production from the project, which is ex

pected in late 2002. Partners in the project in

clude Shell 60 percent, Chevron Canada Re

sources Ltd. 20 percent, and Western Oil Sands

LP 20 percent.

COMPLEXWELL COMPLETIONS

DEVELOPED FOR ORINOCO PRODUCTION

Petrozuata's (a strategic association between

Conoco Inc. [50.1 percent] and Petroleos de

Venezuela [49.9 percent]) heavy oil (8 to
10

API) project is in Venezuela's Orinoco belt,
a huge deposit of heavy and extra-heavy crude

that covers an area of 700 by 50-100 kilo

meters. Estimates indicate that the belt con

tains 1.2 trillion barrels of oil in place, with ulti

mate recovery possibly reaching 240 to

270 billion barrels.

Complex well geometries are boosting Orinoco

heavy oil producing rates, reports G. Montis in

the February 28, 2000, issue of Oil & Gas Jour-
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nal. Original plans had called for developing its

large 57,000-acre contract area with single hori

zontal laterals. Because the heavy oil reservoir

is a more compartmentalized reservoir than ini

tially expected, complex multilateral well com

pletions are required to recover the heavy oil.

Petrozuata started producing in August 1998

and averaged 40,000 barrels per day of
9

API

oil from 42 wells in December 1998. Production

has increased to about 92,000 barrels oil per

day (bopd) from 104 wells in mid-January 2000.

About 22 million barrels were produced

through 1999, and another 35 million barrels of

heavy crude are expected to be produced

in 2000.

Petrozuata estimates that 1 .5 billion barrels of

8 to 10 API gravity oil will be recovered from its

area over the 35-year contract term. During this

time, it will be producing at a 120,000-bopd

plateau.

Petrozuata's investment in the project is about

$2.8 billion. This includes about $1 .4 billion for

the upgrader and $700 million for the production

facilities, drilling and pipelines. The rest is at

tributed to financing costs.

Well Completions

Petrozuata commenced drilling producing wells

in August 1997. The total number ofwells is yet

to be determined. Originally Petrozuata

planned to drill about 500 wells but this may

change as "it gains additional production history.

By mid-January 2000, Petrozuata had drilled

151 surface holes, drilled and cased

122 production holes, set 118 wellheads, com

pleted 110 wells, and drilled and logged

83 stratigraphic wells. Ninety-two of the wells

have single horizontal laterals and 27 have the

following multilateral configurations (Figure 1):

Four fishbone or herringbone wells

Eight three-dimensional (3D) gull wings

Ten stacked multilateral

One stacked fishbone

Three stacked gull wings

One triple lateral

Since drilling started, Petrozuata has signifi

cantly decreased its drilling and completion

costs. Costs for a single lateral well have de

creased to about $700,000 from $1 million at

the beginning of the project. Drilling and com

pleting the more-complex well geometries has

decreased to $1 .2 million per well from an initial

$1.7 million perwell.

Petrozuata orients the horizontal laterals based

on extensive 3D seismic coverage and also

uses petrophysical information obtained in the

vertically drilled stratigraphic wells. It drills the

fishbones about 500 feet apart with a length of

about 1 ,600 feet each.

Well Sites

Petrozuata originally planned to use downhole

Electric Submersible Pumps (ESPs) during the

early life of each well because of their higher

pumping capacity, but has started installing top-

drive Progressing Cavity Pumps (PCPs) be

cause this technology can now handle higher

rates. Through mid-January, it had equipped

102 wells with ESPs and 9 with PCPs.

To date, most wells produce little water, be

cause Petrozuata estimates that initial water

saturation in the producing sands is only about

8 percent. The produced fluid gravity from the

formation ranges from 8 to
10

API, and

Petrozuata is increasing the fluid gravity into the

flowlines to about
16

API by injecting diluent

both downhole and at the wellhead.

Currently, it adds a
30

API Mesa crude, about

37 to 38 percent of the total produced stream,

pumped from the coast through its 20-inch pipe

line. It injects about 25 percent diluent down-

hole while the rest is added at the wellhead.

After completion of its upgrader, a
47

API

naphtha will replace the Mesa crude. Because

the naphtha is lighter, it will only represent about

22 percent of the total stream. Petrozuata's

facilities allow naphtha diluent to be injected
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FIGURE 1

HORIZONTALWELLGEOMETRES

Single horizontal lateral
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ESTmPC? pant

9*/Hn. caring in

12*/Wn.heln, 2,000-2,500 ft

Vh -in. hole
M00-0.000WTP

7-in. slotted liner in

OVHn. hole, 6,000-0,000 ft TD

Gull-wing well

Os/t-in. casing in

12V4-in. hole. 3,000-9,000 It

Slotted liners

Gull-wing, fishbone well

20.00O-3S.0W ft total

Iffl footage in horizontal section

Oty-in. casing in

12V-in. hole, 3,000-4,000 ft

B'/z-Jn. hole

S.000-9,000 TO

Stacked multilateral

Hole and casing
sizes are tie same

as single lateral

Fishbone well
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footage in horizontal section

0*/t-in. casing in

127+-MI. hole. 2.000-2,600 ft
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20,000-35,0000 total
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Vote: To date Petrozuata has drilled only two-stacked laterals with fishbone section.

SOURCE CLAMQA8JOURNAL
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downhole, at the wellhead, or in the main proc

ess station.

Pipeline capacities are 125,000 barrels per day
for the diluent pipeline and 530,000 barrels per

day of
17

API for the produced fluid pipeline.

Petrozuata will be transporting 120,000 barrels

per day of crude mixed with 50,000 barrels per

day of diluent, in batch sizes of about

350,000 barrels.

ENVIRONMENT

SUNCOR ENVIRONMENTAL REPORT

HIGHLIGHTS REDUCTIONS IN EMISSIONS

PER BARREL PRODUCED

Suncor's 1999 Progress Report on Environ

mental, Health and Safety, and Social Respon

sibility summarizes the Oil Sands progress in

these areas since 1997. Oil sands performance

data are presented in Table 1 .

Environmental Investments

In 1998 Suncor's total environmental capital

expenditures totaled $12 million, compared with

$18 million in 1997 and $96 million in 1996.

These investments included expenditures for

site reclamation, environmental assessments,

as well as pollution prevention and control

equipment. The higher expenditures over the

period 1994 to 1996 were primarily a result of

the installation of the $190-million flue gas

desulfurization plant at Oil Sands.

Improving Energy Efficiency

By improving energy efficiency in its operations,

Suncor reduces energy use along with green

house gas emissions. The reductions in energy

intensity since 1995 are shown in Figure 1. In

1998 the company:

Built a new water-cooling system at Oil

Sands to recover heat and reduce the

amount of steam required for the extrac

tion of bitumen.

Commissioned a $200-million upgrader

unit at Oil Sands that recovers kerosene

and gas oil from bitumen while reducing

energy use per unit of production.

In 1999 the company announced an agreement

whereby TransAlta Corporation will build and

operate a 360-megawatt cogeneration facility at

Oil Sands by 2001 .

Reduction in Greenhouse Gases

Suncor emits greenhouse gases primarily when

fossil fuels are consumed to provide energy for

the production of petroleum products. These

emissions come mainly from the Oil Sands

plant, the Samia refinery, heavy oil and con

ventional oil and gas operations, and the Stuart

Oil Shale Project in Australia. The company's

actions to date on internal efficiencies have re

sulted in a cumulative reduction of 3.5 million

tonnes of carbon dioxide equivalent over 1990

to 1998, compared with the base case. In the

period beyond 2000, Suncor faces the challenge

of increased emissions from planned expansion

of Oil Sands. As a result of the expansion, the

company's total greenhouse gas emissions are

projected to increase from 6.2 million tonnes of

C02 equivalent in 1998 to 9.6 million tonnes

by 2002 (see Figure 2).

To address this increase, the company broad

ened its plan in late 1997 to include the use of

renewable energy and greenhouse gas offsets.

As a result, the company has begun funding
renewable energy from wind turbines in Alberta,

Canada. The company has also participated in

a number of offsets, including a project to pro

tect endangered rain forest in Belize, an initia

tive to reforest previously cleared land in Aus

tralia and the purchase of greenhouse gas re

ductions from Niagara Mohawk Power Corpora

tion.
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TABLE 1

SUMMARY OF PERFORMANCE INDICATORS

1994 1995 1996 1997 1998 2002

EHS Management

Major Incidents

Regulatory Contraventions

Ambient Air Quality Exceedences

WaterQuality Discharge Exceedences

Spills to Athabasca River

Regulatory Fines ($ thousands)
EHS Professionals

Environmental Capital Expenditures ($ millions)

Environmental Impacts

Greenhouse Gases (thousand tonnes CO2 equivalent)

Greenhouse Gases (tonnes C02 equivalent/m3 production)

Sulfur Dioxide (tonnes/day)
Sulfur Dioxide (kg/rrr* production)

Nitrogen Oxides (tonnes/day)
Nitrogen Oxides (kg/m3 production)

NPRI Releases (tonnes)
Water Drawn From Athabasca River (million m3)

Water Discharged to Athabasca River (million m3)

Land Disturbed (cumulative hectares)
Land Reclaimed (cumulative hectares)
Waste to Landfill (thousand m3)

HazardousWaste (tonnes)
Recycled Oil (thousand liters)

Energy Use (million gigajoules)

Energy Intensity
(gigajouies/m3

production)

Health and Safety
Employee Lost-Time Injury Frequency
Contractor Lost-Time Injury Frequency

Economic Contribution

Gross Production (thousand barrels/day)
Gross Production (thousand rrp/day)

Workforce (full-time equivalent employees)

Social Responsibility

Community Investment ($ thousands)
Aboriginal Contracts ($ millions)

Workforce Diversity (percentage)
Aboriginals

Women

visible Minorities

PersonsWith Disabilities

16 11 8 6 1

173 112 114 35 64

99 72 57 14 31

4 3 2 0 2

0 0 0 0 0

0 150 9 0 0

no data no data no data 24 21

48 107 80 9 6

3,714 3,658 3,942 3,864 4,480 7,669

0.901 0.829 0.874 0.839 0.812 0.606

260 249 201 83 53.4 71.0

23.0 20.6 16.3 6.6 3.5 2.1

16.5 24.1 14.9 32.1 33.8 67.7

1.5 2.0 1.2 2.6 2.2 2.0

272 390 646 1,954 1,029

41.7 43.7 41.4 47.4 37.9

30.0 31.7 36.5 37.9 33.8

2,537 2,836 2,859 3,533 3,533

471 477 510 566 619

44.1 44.4 41.9 69.4 81.7

no data no data 491 487 354

no data no data 315 473 427

no data 46.95 44.64 42.72 50.07

no data 10.65 9.89 9.28 9.07

1.70 1.12 0.56 0.18 0.11

1.00 0.79 0.80 0.13 0.39

71.0 76.0 77.8 79.3 95.1 218.1

11.3 12.1 12.3 12.6 15.1 34.7

1,379 1,394 1,430 1,494 1,647

no data no data 354 514 609

6.8 5.1 10.5 16.3 23.0 25

no data no data 2.8 3.8 4.8 12

no data no data 10.3 11.1 12.3

no data no data 7.3 6.6 6.8

no data no data 2.4 2.6 2.8

Through these and other actions, Suncor's in

ternal target is to limit its net contribution of

greenhouse gases to the atmosphere to

1990 levels. This target includes emissions

from planned Oil Sands expansion and will be

reviewed and modified, as necessary, to reflect

evolving government policies related to the

Kyoto Protocol and climate change.
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FIGURE 1

ENERGY INTENSITY

(Glgajoules perm* Production)
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Reduction in Sulfur Dioxide and Nitrogen

Oxides

In 1998 Suncor's overall S02 emissions were

69.5 tonnes per day, 32 percent below

1997 levels and 75 percent below 1994 levels.

The biggest contributor to this improvement was

the Flue Gas Desulfurization (FGD) plant at Oil

Sands, which completed its first year of full ca

pacity operation in 1998 (see Figure 3). By

treating S02 emissions with a mixture of lime

stone and water, the FGD plant removes ap

proximately 95 percent of S02 emissions pro

duced when petroleum coke is burned to gener

ate electricity and steam.

In 1998 Oil Sands also began design on a flare

gas recovery system to reduce S02 emissions

while recovering fuel for process heat. This

system is scheduled for operation in late 1999.

Growing concerns about acid deposition in

Northern Alberta and urban smog in Ontario are
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focusing increased attention on the issue of NOx
emissions. Historically, NOx emissions have not
been monitored or regulated to the same degree

as S02 emissions. Unlike S02, which is gener

ally emitted from a smaller number of fixed

sources, NOx is associated with a wide range of

sources, both stationary and mobile, including
heavy mining equipment.

Over 1997 and 1998 boiler modifications at Oil

Sands allowed the company to increase steam

production while improving combustion effi

ciency and reducing NOx emissions by approxi

mately 40 percent per boiler. The company is

also developing a site-wide NOx management

plan for Oil Sands, which includes the installa

tion of low-NOx burners and investigation into

the reduction of mining equipment emissions.

Volatile Organic Compounds (VOC)

At Oil Sands, VOC emissions come primarily
from bitumen upgrading and tailings ponds.

In 1997, using updated modeling, Oil Sands

predicted levels of VOC emissions that were

much higher than previously reported. While a

detailed risk assessment has indicated the

emissions present no significant risk to human

health, the company is investigating the meas

urement and monitoring methodology and will

develop an action plan for future monitoring and

management.

Water Quality

Oil Sands draws water from the Athabasca

River for a variety of purposes, including cool

ing-water, boiler-feedwater, process-water and

drinking-water. Waste water is processed and

treated at the facility to meet water quality stan

dards prior to discharge to the river. Over 1997

and 1998 there were two exceedences of water

quality discharge requirements by Oil Sands.

In 1998 new cooling towers were installed at Oil

Sands, reducing the amount of water drawn

from and discharged to the Athabasca River.

As part of Oil Sands expansion plans, the com

pany will work to maximize recycling ofwater to

achieve significant reductions in the amount of

water drawn from the river and the volume of

cooling and waste water discharged to the river.

Land Reclamation and Restoration

At Oil Sands land to be reclaimed is first graded

to develop suitable drainage patterns and mini

mize erosion. Topsoil is then applied and

seeded with grass or planted with indigenous

trees and shrubs. Since mining began in 1967

at the operation, the company has planted

2.4 million trees and reclaimed more than

600 hectares of land. This represents approxi

mately 18 percent of total land disturbed.

Mine Tailings

A significant environmental concern at Oil

Sands is the disposal of mine tailings. The tail

ings are contained in ponds where, without

treatment, the microscopic suspended solids

would take hundreds of years to settle to the

point where they could support productive soil.

The company's ponds currently hold about

120 million cubicmeters of fine tailings.

Since 1996 Suncor has used a new technology
called "Consolidated

Tailings"

to treat the tail

ings ponds. The technology uses gypsum, a

byproduct of the flue gas desulfurization plant,

to speed up the transformation of tailings into

solid material capable of supporting vegetation

and wildlife within decades.

Progress has not been as rapid as had been

originally anticipated, due to operational issues

with this evolving technology. Many of these

issues have been resolved, and the company
expects all fine tailings to be treated by the end
of the mine life. Reclamation of Pond 1

,
one of

five existing tailings ponds, is under way, with

completion targeted for 2010.

Waste Management

Hazardous wastes shipped from the Oil Sands

operation for off-site treatment or disposal to

taled 354 tonnes in 1998, compared with

487 tonnes in 1997 and 491 tonnes in 1996. Oil

Sands landfilled 81 ,700 cubic meters of non-
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hazardous waste in 1998, compared with

69,400 cubic meters in 1997. This increase is a

result of Suncor joining forces with industry and

government to reclaim an abandoned sulfur-

handling facility previously owned by another

company no longer in business. Suncor's con

tribution to this effort was to dispose of ap

proximately 10,400 tonnes of sulfur-

contaminated wastes.

The company also recycles or recovers materi

als, such as metals, paper, tires and oil filters.

At Oil Sands lubricating oil used in vehicles and

heavy equipment is recovered and converted to

valuable product in the upgrader. In 1998,

427,000 liters of oil were recovered. Oil Sands

also began a program to recover vehicle anti

freeze. This program is expected to recover

32,000 liters of glycol annually for off-site recy

cling.
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PROJECT ACTIVITIES

GREAT PLAINS GASIFICATION PLANT

ASSURED OF PROFITABILITY FOR NEXT

YEAR

Dakota Gasification Company (DGC) recently

completed hedging activities that secured an

average price of $2.88 per dekatherm (dkt) for

nearly half of its production in 2000 and

$2.60/dkt for a quarter of its production in 2001 .

included in the hedging activity is an amortized

swap contract with a counter-party where DGC

secured a fixed price of $3.30/dkt for a year. A

swap contract is a strictly financial transaction

where a commodity price is fixed at a specific

price over a certain period of time and no physi

cal delivery of the particular commodity takes

place.

DGC says every $0.10 increase per dkt of natu

ral gas results in about $450,000 each month of

additional revenue for DGC. DGC breaks even

when natural gas reaches $2.50/dkt. Once the

carbon dioxide pipeline is complete and on-line,

DGC's break-even point will be $0.30 less at

$2.20/dkt.

Golden Weld Completes the Pipeline

Less than 7 months after ground breaking, con

struction of a carbon dioxide pipeline from the

Great Plains Synfuels Plant, Beulah, North Da

kota, to an oil field near Weybum, Saskatche

wan, Canada, has been completed

The final,
"golden"

weld was struck December 1 ,

joining two sections ofthe pipeline a 167-mile

portion in North Dakota and a 38-mile portion in

Saskatchewan. The weld was made at the in

ternational border about 17 miles southwest of

Estevan. The 205-mile pipeline that will carry

C02 as a supercritical fluid from the Great

Plains Synfuels Plant to a receiving facility
near Goodwateris under construction by Pan-

Canadian Resources. C02 will be used by
PanCanadian for tertiary oil recovery in the

Weybum Field. PanCanadian will use up to

95 million standard cubic feet of carbon dioxide

daily, about 40 percent of the Synfuels Plant's

capacity. Deliveries are scheduled for some

time in 2000.

Progress on Strategic Plan

DGC has defined a five-point strategy to help
lead to more successful operations of the Great

Plains Synfuels Plant.

Strategy 1: Cut $12 million out of 1999 plant

costs. Progress: Expenses are running more

than $18 million less than the previous year.

Strategy 2: Get the plant into environmental

compliance and build new facilities within

budget. Progress: DGC has operated for

1 year in compliance with the Environmental

Consent Agreement. A contract is in place to

provide equipment that will resolve the plant's

particulate emissions and boiler stack opacity

problems.

Strategy 3: Get the carbon dioxide project built

and running within budget. Progress: The en

tire pipeline is constructed on both sides of the

border within its budget. The pipeline and the

product will definitely be available when PanCa

nadian Petroleum is ready for it in 2000.

Strategy 4: Provide financing for new plant

additions. Progress: The Production Tax

Credit transaction is facing delays at the Internal

Revenue Service.

Strategy 5: Hedge natural gas production to

stabilize DGC's financial future. Progress:

In 1999 DGC has realized nearly $2 million in

benefit from its hedging program.

DOE REPORTS ON ACTIVE CCT

DEMONSTRATION PROJECTS

The United States Department of Energy (DOE)
publication Clean Coal Today reports the fol

lowing status of active Clean Coal Technology
(CCT) demonstration projects.
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Kentucky Pioneer Energy, LLC (formerly
Clean Energy Partners, LLP) - Kentucky Pioneer

Energy Project. Kentucky Pioneer Energy, LLC,
has replaced the Clean Energy Partners, LLP as
the project participant and has moved the site to

a new location in Clark County, Kentucky. Ac

tivities are in progress on an environmental im

pact analysis.

Sierra Pacific Power Company - Pirton Pine

Integrated Gasification Combined-Cycle Power

Project. Sierra continues to make progress to

ward achieving integrated operation of all sys

tems. During a planned plant-wide outage in

the fall, Sierra installed a second set of filters in

the line which regulates pressure in the Filter

Fines Depressurization Hopper. Operations

earlier in the year indicated that one set of filters

was not sufficient to handle the fines loading.

DOE and Sierra agreed to extend the coopera

tive agreement (on a no-cost basis) until Janu

ary 1, 2001, or until divestiture ofthe Pifton Pine

facility, whichever comes first. Divestiture of all

generating facilities is a condition of Sierra's

July merger with Nevada Power. Sierra contin

ues to operate the plant normally in the gas

combined-cycle mode.

Tampa Electric Company - Tampa Electric

Integrated Gasification Combined-Cycle Project.

Tampa's Polk Power Station has completed

3 years of successful commercial operation.

The gasifier has operated 15,500 hours and the

combustion turbine has operated 16,500 hours

producing over 5,500 megawatt-hours. The

gasifier set a new record noninterrupted run of

36.9 days in early fall of 1 999.

Wabash River Joint Venture - Wabash River

Coal Gasification Repowering Project. The fa

cility has been in full operation under a no-cost

time extension, which was scheduled to termi

nate on January 1
, 2000.

Rosebud SynCoal Partnership - Advanced

Coal Conversion Process (ACCP) Demonstra

tion. The project has processed over 2.2 million

tons of raw subbituminous coal. Over

1 .5 million tons of SynCoal has been supplied to

customers, including industries (primarily ce

ment and lime plants) and utilities. Rosebud

SynCoal Partnership has completed construc

tion of a Pneumatic SynCoal Supplemental Fuel

Project at Montana Power's Colstrip Unit 2. The

system has been performing well. Colstrip
Unit 2 has experienced significant benefits in

improved heat rate, reduced auxiliary load and

reduced slag-related limitations.

Air Products Liquid Phase Conversion Com

pany, LLP - Liquid Phase Methanol Process

Demonstration Project. The Liquid Phase

Methanol (LPMEOH) Process Demonstration

Facility continues to experience stable operation

on coal-derived synthesis gas. On-line with

drawals of spent catalyst and additions of fresh

catalyst slurry have remained successful in

maintaining methanol production rates. Since

being restarted with fresh catalyst in Decem

ber 1997, the demonstration facility has oper

ated at greater than 99 percent availability, and

since April 1999, has produced over 45 million

gallons of methanol, all of which was accepted

by Eastman Chemical Company for use in

downstream chemical processes. The monitor

ing of all potential catalyst poisons and methods

for their removal and control continue to be an

important part of the on-going plant operation.

CPICOR Management Company, LLC - Clean

Power From Integrated Coal/Ore Reduction

(CPICOR). DOE has continued its environ

mental analysis for preparing an Environmental

Impact Statement for this project. The CPICOR

Management Company (CMC) continues to

perform baseline environmental monitoring and

preliminary engineering and design in support of

the permitting process. CMC also continues to

work closely with the Australian developers of

the Hlsmelt Process to establish a process and

mechanical design database for this project.

This project will be designed to produce

3,300 tons per day of liquid iron and approxi

mately 160 megawatts-electric from the byprod

uct gases.

ThermoChem Inc. - Pulsed Combustor Design

Qualification Test. The steam reformer test unit

that will house the existing 253-tube pulsed

combustor for testing is complete, except for

final assembly and setting on its new founda

tion. The five major sections have been mated
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and will be erected and set on the new founda

tion. Erection and instrumentation wir

ing/checkout is scheduled to be completed by
March 2000. Shakedown testing is scheduled to

start in April 2000, with CCT project testing still

anticipated to be complete at the end of

June 2000. Testing in the Process Data Unit

(PDU) that was scheduled for September 1999

did not occur because of significant other testing
requirements at the MTCI Test Facility. The

PDU testing using Black Thunder subbituminous

coal was rescheduled.

SGI MAKES DEALS TO BUY ENCOAL PLANT

AND FEEDSTOCK, AND TO SELL

PRODUCTS

Last December SGI International (SGII) exe

cuted an agreement with AEI Resources (AEI),
which transfers the ENCOAL Liquids-From-Coal

(LFC) demonstration plant and all related LFC

assets from AEI to SGII.

The acquisition agreement and related security
agreements require that before SGII can oper

ate the plant it must satisfy certain other condi

tions by the end of the first quarter. The major

condition is to obtain an investor and to secure

financing to replace AEI on these bond and in

demnity obligations. As part of the financing,
SGII anticipates that an investor will be required

to invest approximately $10 million in ancillary

processing equipment improvements to the

plant. The equipment required will:

Remove fines from the liquid stream and

process the raw liquid into final chemical

products.

Agglomerate fines generated by the

process into salable solid product.

Provide a continuous method for stabi

lizing the solid product.

This equipment will also position ENCOAL as a

scaled-down version of a commercial LFC plant,

rather than merely a demonstration plant.

SGII's objective is to put the ENCOAL plant into

operation by the end of 2000. The ENCOAL

plant, constructed by Shell Mining Company and

the United States Department of Energy, started

operating in 1992 and operated successfully for

5 years at a total cost for construction and op

eration of $101 million.

In January SGII executed an agreement with

lllinova Power Marketing Inc. to supply the

ENCOAL plant with up to 650,000 tons per year

of coal from the Buckskin Mine in the Powder

River Basin. The coal will provide feedstock for

SGII's ENCOAL plant for the production of en

hanced coal, fuel and chemical products using

its LFC technology. Under a previously an

nounced agreement, the upgraded, finished coal

product will be sold to lllinova and shipped to

their Wood River and Havana Stations. This

agreement extends through 2004.

Under an agreement between SGII and

Merichem-Sasol USA LLC (Merisol), signed in

March, Merisol will purchase the entire output of

cresylic acid feedstock to be produced by SGII

at its ENCOAL LFC plant. Shipments under this

agreement are expected to begin in late 2000

and continue through December 31
, 2007. The

feedstock will be shipped to Merisol's Houston,

Texas, plant for further processing into pure

cresylic acid. Cresylic acid is used in a variety

of applications that range from antioxidants,

coatings, cleaners and disinfectants to vitamin E

intermediates.

Other significant achievements for SGII include:

An agreement with American Electric

Power to transport the upgraded coal to

Cook Terminal. The coal will be barged

from Cook to lllinova's facilities.

SGII's agreement with Mitsubishi has

been revised to provide financial support

toward the acquisition of ENCOAL.

THE SYNTHETIC FUELS REPORT. APRIL 2000

60



 



COAL

The engineering, design and final cost

determination for the ancillary equipment

to be added to ENCOAL has been com

pleted.

ECONOMICS

EPRI FINDS BUGGENUM THE MOST

EFFICIENT OPERATING LARGE IGCC

PLANT

Coal-based Integrated Gasification Combined-

Cycle (IGCC) plants have been developed to

commercial size over the past 2 decades. They
have only been built as demonstration plants but

are operating as commercial units. These units

have now accumulated several years of oper

ating experience and have shown that an IGCC

plant can meet extremely stringent air emission

standards while also achieving high plant effi

ciencies. N. Holt of Electric Power Research

Institute (EPRI) summarized the technical

status, trends and future improvements of IGCC

at the
219th

American Chemical Society Na

tional Meeting held in San Francisco, California,
in March.

Current Status

Three coal-based, commercial-sized (but par

tially government-funded) IGCC demonstration

plant projects are currently operating in the

United States and two in Europe, as summa

rized in Table 1.

The three ongoing United States IGCC projects

are all based on different gasification technolo

gies and illustrate different application opportu

nities. All three plants are based on General

Electric F gas turbines with turbine inlet tem

peratures of about 1,260C and equipped with

multiple can combustors. The European IGCC

projects are both based on Siemens gas tur

bines equipped with dual silo combustion cham

bers.

The Pifton Pine and ELCOGAS projects have

seen limited operations to date, but both the

GE 6FA at Pifton Pine and the Siemens V 94.3

at ELCOGAS have been running well on natural

gas at their design outputs. Although only ex

tended multiyear operations can really test the

durability of gas turbines in an IGCC application,

the results to date from the projects with the

GE F-class gas turbines are encouraging.

Table 2 presents the major component and

overall design performance of these plants, and

TABLE 1

COAL-BASED, COMMERCIAL-SIZE IGCC PLANTS

Project/Location

Wabash River/Indiana, USA

Tampa Electric Company/Florida, USA

Sierra Pacific Pinon Pine/Nevada, USA

SEP/Demkolec/Buggenum, The Netherlands

ELCOGAS/Puertollano, Spain

Gasification

Technoloav MW StartuD Date

Destec 262 10/95

Texaco 250 9/96

KRW Fluid Bed 100 1/98

i Shell 253 Early 1994

Krupp-Uhde Prenflo 310 12/97 on coal
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TABLE 2

DESIGN AND ACTUAL PERFORMANCE TO DATE OF MAJOR IGCC
PROJECTS*

Gas Turbine Output, MW

Steam Turbine Output, MW

Auxiliary Power Consumption, MW

Net Power Output, MW

Net Plant Heat Rate, kJ/kWh LHV Basis

Net Plant Efficiency, % LHV Basis

1998 IGCC Operating Hours

1998 IGCC On-Stream Factor, %

Total IGCC Operating Hours

Through December 1998

Wabash River Tamoa

192(192)

Buooenum

192(192) 155(155)

105(98) 121 (125) 128 (128)
35.4 (36) 63 (66) 31 (31)

261.6(252) 250 (250) 252 (252)
9,177(8,708)**

8,739
(9,244)***

8,373 (8,373)
39.2(41.2)** 41.2(38.9)***

43.0 (43.0)
5,139 5,328 4,939

59 61 56

10,393 10,010 13,768

'Performance is shown as design performance followed by actual to-date performance

in parentheses.

"Adjusted for HRSG feedwater heaters in service.

***Adjusted for gas/gas heat exchangers in service.

compares these design values with the opera

tional results achieved to date.

Both the Texaco gasifier at Tampa and the De

stec gasifier at Wabash River have demon

strated that they can supply sufficient syngas to

fully fuel their combustion turbines. At Tampa,

fouling downstream of the gasifier and corrosion

in the lower gas temperature range of 250 to

300C have been the main causes of outages to

date. At Wabash River the main remaining

problem area seems to be the dry gas filter,
where corrosion and blinding of the metallic

candles continue to occur. The most recent op

erations at these sites are encouraging and

show considerable progress, with both projects

experiencing long runs and higher availability.

The SEP/Demkolec (Buggenum) project started

operations in early 1994. The tight integration

has led to some operational sensitivities and

complexities, leading SEP to recommend only

partial integration for future installations. The

main problem encountered in the early years of

operation at the Buggenum plant (also later en

countered at PuertoUano) has been combustion-

induced vibrations and overheating in the gas

turbine combustors. Design changes made in

early 1997 have markedly improved the vibra

tion problem, and since that time several long
runs have been conducted, with an availability

of over 80 percent in each quarter since the

third-quarter of 1997 (with the exception of the

second quarters when the required annual in

spection is conducted). In the third- and fourth-

quarters of 1998, the Gasification Island was in

continuous operation for over 2,000 hours. The

Shell gasifier has generally performed well and

has achieved its design cold gas efficiency.

In summary, these demonstration plants show

that IGCC systems can provide power at higher

efficiency than pulverized coal plants, with sig

nificantly lower air emissions and a more benign

solid byproduct. While the reliability/availability
of these units has improved since they were first
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brought on-line, they are not yet operating at

commercially acceptable availability levels (only
56 to 61 percent in 1998). Based on past expe

rience in the development of new technologies,
and assuming continued support by the various
government and private parties involved, it is

reasonable to expect that the remaining prob

lems will be solved within the next 5 years.

Market Trends

A number of IGCC plants (many of

500 megawatts) will be commissioned over the

next 3 years based on the use of petroleum re

siduals and located adjacent to large petroleum

refineries. The shrinking market for high-sulfur

fuel oil and the impact of tightening fuel specifi
cations and new environmental legislation is the

impetus behind these projects. Most of these

projects have multiple coproducts, typically
power, steam and hydrogen for the refinery plus

sale of power to the grid or other nearby indus

trial customers. The projects in Europe are

mostly based on heavy oil while the majority of

the United States projects are based on low-

value petroleum coke. The experience gained

from these projects should aid in reducing the

capital cost of IGCC equipment and in providing

greater confidence in the reliable operation of

this technology.

Future Technical Improvements

The larger higher efficiency G and H gas tur

bines, with firing temperatures of about 1
,500C,

are now entering commercial service based on

natural gas. When applied to IGCC plants these

turbines will provide further gains in efficiency
and reductions in capital cost through economy-

of-scale. The United States Department of En

ergy through its Vision 21 initiative has a com

prehensive research and development program

with gasification as a key core technology. This

program should result in a stream of new devel

opments improving the performance and re

ducing the capital cost of IGCC plants, says

Holt.

TECHNOLOGY

DTI SUMMARIZES STATUS OF COAL

LIQUEFACTION TECHNOLOGY

The United Kingdom's (UK) Department of

Trade and Industry (DTI) published a Technol

ogy Status Report on Coal Liquefaction in Octo

ber 1999. Highlights of this report are summa

rized below.

Background

Many different
"direct"

processes have been

developed, but most are closely related in terms

of the underlying reaction chemistry. Common

features are the dissolution of a high proportion

of coal in a solvent at elevated temperature and

pressure, followed by hydrocracking of the dis

solved coal with hydrogen gas (H^ and catalyst.

Direct liquefaction processes can be divided into

two main groups, depending on whether the ini

tial dissolution of the coal is separated from the

conversion of the dissolved coal into distillable

products:

Single stage

Two stage

These processes generally have been devel

oped to Process Development Unit (PDU) or

pilot plant-scale and the main technical issues

have been resolved. However, no demonstra

tion or commercial-scale plant has yet been

built.

The only operating process for the
"indirect"

liq
uefaction of coal is South Africa's Sasol proc

ess, with three operating plants. The only
"core"

unit specific to indirect liquefaction is the syn

thesis reaction step and the majority of recent

work has therefore been concentrated on the

development of improved catalysts.

Carbonization and Pyrolysis

High-temperature carbonization is the oldest

route for the production of liquids from coal,
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wherein hydrocarbon liquid is predominantly a

byproduct of coke-making. The low yields (less

than about 5 percent) of liquid product and rela

tively high upgrading costs mean that traditional

high-temperature carbonization is not an option

for the production of liquid fuels on a commer

cial basis.

Mild pyrolysis is also a carbonization technology
but with less severe operating conditions. Mild

pyrolysis consists of heating the coal to a tem

perature in the range approximately 450 to

650C (compared with approximately 950C in

high-temperature carbonization), driving off

volatile matter from the original coal and gener

ating other volatile organic compounds formed

by thermal decomposition during the treatment.

Liquid yields are higher than for high-

temperature carbonization, but are still no more

than 15 to 20 percent at most. The main prod

uct is a char with a reduced hydrogen and het-

eroatom content.

The disadvantage of all pyrolysis and carboni

zation processes is that, if the hydrogen content

of the feedstock coal is to be increased to the

point at which it becomes a distillable liquid, the

hydrogen content of the remaining solid must be

reduced. In any case, the liquids produced are

still of low quality and require, at least, addi

tional treatment to remove solid contaminants

and water.

Most of the recent interest in these processes

has been in the United States as a method for

upgrading coals. At least three technologies

have been developed to pilot scale. Processes

differ mainly in the design of the pyrolyzing re

actor.

The Liquid -From-Coal (LFC) process is a mild

pyrolysis method for upgrading coal and was

developed by SGI International. There are two

salable products: a low-sulfur, high heating-

value solid known as Process-Derived Fuel

(PDF) and a hydrocarbon liquid known as Coal-

Derived Liquid (CDL). PDF yields are consid

erably higher than CDL yields.

A demonstration plant owned by ENCOAL Cor

poration is located near Gillette, Wyoming, built

with support from the United States Department

of Energy's (DOE) Clean Coal Technology

Demonstration Program. This was commis

sioned in 1992 and has a maximum capacity of

1,000 tonnes per day of subbituminous Powder

River Basin coal with a high-moisture and low-

sulfur content.

Single-Stage Direct Liquefaction Processes

In the mid- to late-1960s, as interest was grow

ing, all of the available processes were single

stage. Most development therefore continued

to adopt a single-stage approach. Some devel

opers added a second stage during the 1970s,

following the oil crisis, to increase the produc

tion of light oils. The single-stage processes

developed furthest are:

Kohleoel (Ruhrkohle, Germany)

NEDOL (NEDO, Japan)

H-Coal (HRI, USA)

Exxon Donor Solvent (EDS) (Exxon,

USA)

SRC-land II (Gulf Oil, USA)

Imhausen high-pressure (Germany)

Conoco zinc chloride (Conoco, USA)

Most of these have since been suspended and

abandoned. Two exceptions are the Kohleoel

and NEDOL processes, both of which are con

sidered ready for commercialization by their

developers.

The Kohleoel Process - The Kohleoel process

(Figure 1) with Integrated Gross Oil Refining

(IGOR+) is based on a commercial process

used in Germany until 1945. Development pro

ceeded via a 0.5-tonne per day and 0.2-tonne

per day plant at Bottrop. The Bottrop plant op

erated from 1981 to 1987, producing over

85,000 tonnes of distillate products from

170,000 tonnes of coal over approximately

22,000 operating hours.

THE SYNTHETIC FUELS REPORT. APRIL 2000

64



 



COAL

FIGURE 1

THEKOHLEOELPROCESS
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SOURCE: DTI

In 1997 the China Coal Research Institute

(CCRI) signed a 2-year agreement with Ger

many to carry out a feasibility study for a

5,000-tonne per day demonstration plant. The

suitability of sites for a liquefaction plant in Yun

nan Province was investigated, including the

potential market for products.

Coal is slurried with a process-derived recycle

solvent and a "red
mud"

disposable iron cata

lyst, pressurized and preheated. H2 is added

and the mixture passed to an up-flow tubular

reactor, operating typically at 300 bar and

470C. The specific coal feed rate to this reac

tor is in the range 0.5 to 0.65 tonnes per cubic

meter per hour. Products from the top of the

reactor pass to a hot separator. The overheads

from this separator remain in the gas phase and

are hydrotreated at a temperature of 350 to

420C in a fixed-bed reactor at the same pres

sure as the main reactor. The hydrotreated

products are depressurized and cooled in two

stages. The liquid product from the first of

these stages is recycled to the slurrying step as

part of the solvent. The liquid product from the

second stage is routed to an atmospheric distil

lation column, yielding a light oil (C5 -

200C boiling point) and a medium oil (200 to

325C boiling point) product.

The bottoms from the original hot separator

pass to a vacuum distillation column to recover

distillable liquids. These are added to the hy

drotreating reactor feed, and are subsequently

largely recycled as solvent. The vacuum col

umn bottoms consist of pitch, mineral matter,

unreacted coal and catalyst and in commercial

operation would be used as a gasifier feedstock

for H2 production.

Greater than 90 percent conversion can be ob

tained when processing bituminous coals, with

liquid yields in the range 50 to 60 percent on dry
ash-free coal.

The NEDOL Process - In the early 1980s Ja

pan's New Energy and Industrial Technology
Development Organization (NEDO) developed

the NEDOL process (Figure 2), targeted princi

pally at subbituminous and low-rank bituminous

coals.

A 1-tonne per day Process Support Unit (PSU)
was completed in 1988, at a cost of about

US$30 million, and has operated on an inter

mittent campaign basis since that time. Con

struction of a 150-ton per day pilot plant com

menced in October 1991 at Kashima and was

completed early in 1996. The pilot plant was

commissioned, followed by five operation runs,

FIGURE 2

THENEDOLPROCESS

SOURCE: DTI
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from March 1997 to September 1998. Many
results were obtained, including the achieve

ment of 80
days'

continuous coal-charging op

eration, 58 percent by weight (dry ash-free coal

basis) of oil yield, the successful use of slurry
with a concentration of 50 percent and

6,200 hours of cumulative operation.

CCRI signed an agreement with NEDO and the

Center for Coal Utilization, Japan, to carry out a

feasibility study for a 5,000-tonne per day dem
onstration plant. Process evaluation, environ

mental impact assessment and economic

analysis will be carried out in the next stage of

the project, which is due for completion in 2000.

Coal is ground with 2 to 4 percent by weight of a
synthetic iron-based catalyst and slurried with a

recycled solvent. The slurry is mixed with H2,
preheated and fed to the primary reaction stage.

The reactors are simple tubular up-flow reactors

operating at temperatures in the range 430 to

465C and pressures in the range 150 to

200 bar. The slurry residence time is in the

range 90 to 150 minutes. The products from

this primary reaction step are cooled, depres-

surized and distilled in an atmospheric column

to take off a light distillate product.

The atmospheric column bottoms pass to a

vacuum distillation column, where a middle dis

tillate and a heavy distillate product are re

moved. Most of the middle distillate and all of

the heavy distillate are recycled as solvent via a

hydrogenation step. The vacuum column bot

toms, which contain unreacted coal, mineral

matter and catalyst, are discharged and in

commercial operation would be used as a gasi

fier feedstock for H2 production. The maximum

solids loading which can be achieved in this

stream is about 50 percent, but in practice it is

understood that a loading of 35 percent is more

typical.

After mixing, the middle and heavy distillates

from the vacuum column are fed to solvent re-

hydrogenation reactors. These are down-flow

packed catalyst beds operating at 320 to 400C

and 100 to 150 bar. The catalysts used are

variants of those used in the conventional pe

troleum industry for the hydrodesulfurization of

crude oil fractions. The nominal feed residence

time is about 1 hour. The reactor products are

depressurized at temperature into a flash distil

lation vessel, where a hydrotreated naphtha

product is taken off. The liquid product from the

flash distillation is recycled to the slurrying step

as the solvent.

Product yields vary with the type of coal being
processed. Distillate product yields of 50 to

55 percent (dry ash-free basis) are obtained with

most coals.

The liquid products are of relatively low quality

and require more substantial upgrading than

those from other processes.

Two-Stage Direct Liquefaction Processes

Most two-stage direct liquefaction processes

were developed in response to the oil price rises

of the early 1970s, often as a development of

earlier single-stage processes. Work was car

ried out in many different countries, but rela

tively few processes were developed beyond the

laboratory scale and many were genetically

similar. Processes include:

Catalytic Two-Stage Liquefaction (CTSL)
(USDOE and HRI now HTI, USA)

Liquid Solvent Extraction (LSE) (British

Coal Corporation, UK)

Brown Coal Liquefaction (BCL) (NEDO,

Japan)

Consol Synthetic Fuel (CSF)
(Consolidation Coal Company, USA)

Lummus ITSL (Lummus Crest, USA)

Chevron Coal Liquefaction (CCLP)
(Chevron, USA)

Kerr-McGee ITSL (Kerr-McGee, USA)

Mitsubishi Solvolysis (Mitsubishi Heavy
Industries, Japan)
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Pyrosol (Saarbergwerke, Germany)

Amoco CC-TSL (Amoco, USA)

Supercritical Gas Extraction (SGE)
(British Coal Corporation, UK)

Only the CTSL, LSE and BCL processes contin

ued in development beyond the late 1980s.

The Catalytic Two-Stage Liquefaction

Process - The CTSL process is a development

of the H-Coal single-stage process. In the pilot

plant at the Wilsonville, Alabama, (USA) liq
uefaction test facility, the process was further

developed over a period of almost 15 years.

The process has now evolved into a generic

composite of much of the liquefaction develop
ment work funded by the USDOE in the 1980s

and 1990s. Most recently, a close-coupled con

figuration has been adopted in which both

stages use an active supported catalyst.

In 1997 HTI signed a 2-year agreement with

CCRI to carry out a feasibility study for a direct

coal liquefaction plant using Senhua coal.

Laboratory-scale tests and prefeasibility studies

were undertaken and potential sites and product

markets investigated in the Shenfu Dongsheng
area.

A schematic diagram for the most recent ver

sion of the process is given in Figure 3. Coal is

slurried with a process-derived recycle solvent,

preheated, mixed with H2 and fed to the bottom

of an ebullating bed reactor. This reactor con

tains a supported catalyst, generally
nickel-

molybdenum on alumina, which is fluidized by
an internal recycle in the reactor.

The solvent acts as a hydrogen donor and solu-

bilizes the coal by breaking down its structure to

a substantial extent in the first reactor. This first

reactor substantially rehydrogenates the solvent.

Typically, operating conditions of 170 bar and

temperature of 400 to 410C are used when

processing bituminous coals. With subbitumi-

nous coals, higher temperatures may be re

quired to effect this structural breakdown and

FIGURES

THE CTSL PROCESS
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the hydrogen donor effect becomes of less im

portance. The reactor products pass directly
into the base of a second, ebullating-bed reactor

stage, operating at the same pressure as the

first stage but at a higher temperature (about

430to440C).

After separation and depressurization steps, the

products from the second reactor enter an at

mospheric distillation column, where distillate

products boiling up to 400C are removed. The

bottom stream from this column contains sol

vent, unreacted coal and mineral matter. Dis

tillate product yields of 65 percent or higher on

dry ash-free coal can be obtained, although the

product is relatively high-boiling. The residue of

unconverted coal and the heavy preasphartenic

material rejected with the Kerr McGee critical

solvent deashing ash concentrate is approxi

mately 20 percent, in equal proportions. The

final operations at Wilsonville provided a well-

defined base case for process conditions, yields

and product quality.

The Liquid Solvent Extraction Process - The

LSE process was developed by British Coal

Corporation between 1973 and 1995. A

2.5-tonne per day pilot plant was built and oper

ated for 4 years at Point of Ayr, North Wales,
but has since been decommissioned. An outline

design for a 65-tonne per day demonstration
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plant has been produced in sufficient detail to

allow a contractor to proceed directly to the de
tailed design stage. However, there are no cur

rent plans to construct such a plant.

Figure 4 shows a schematic diagram of the

process. Coal is slurried with a process-derived

recycle solvent, preheated and passed to a non-

catalytic digestion step, which consists of two or

more continuous-stirred tank reactors in series.

These reactors operate at a temperature of 410

to 440C and a pressure of 10 to 20 bar. No H2
is used in this step, but the solvent acts as a

hydrogen donor, transferring up to 2 percent by
weight of hydrogen to the coal.

The digester product is partially cooled and fil

tered in a vertical-leaf pressure filter to remove

unreacted coal and ash. In commercial opera

tion the filter cake would be gasified to pro

duce H2.

The filtered coal extract passes to a distillation

column to recover the light oil wash solvent and

is then preheated, mixed with H2 and routed to

one or more ebullating-bed reactors in series.

There is no interstage separation and the reac

tors operate at nominally the same conditions:

approximately 200 bar, 400 to 440C and a

space velocity in the range of 0.5 to

1 .0 kilogram feed per kilogram catalyst per

hour. The reactor products are cooled,
depres-

sured and passed to an atmospheric distillation

column to recover a distillate product. The cut-

point of this column is adjusted to maintain sol

vent balance, resulting in a product that typically
boils below 300C.

A significant proportion of saturated species

may build up in the recycle solvent under cer

tain conditions, reducing the effectiveness of the

extraction step. Thermal cracking is used to

control this aspect of solvent quality.

The pilot plant operating program concluded

with a steady-state demonstration run. The re

sults from this run indicate that it would be pos

sible to operate the process in an all-distillate

product mode, removing the requirement for a

vacuum column. Solvent quality was main

tained without the need for a separate, thermal

cracking step. The total distillate product yield

is in the range 60 to 65 percent (dry ash-free

coal), most of which boils below 300C. The

total filter cake yield includes approximately

7 percent of undistillable pitch.

The Brown Coal Liquefaction Process - The

BCL process (Figure 5) was developed by
NEDO of Japan to a 50-tonne per day pilot plant

scale, constructed at Morwell in Victoria, Aus

tralia. It was operated over the period 1985 to

FIGURE 4

THE LSE PROCESS
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1990, processing a total of about 60,000 tonnes

of coal. Operations ceased in October 1990.

The plant was decommissioned in 1991 and

demolished in 1992.

The process is designed specifically to handle

low-rank coals such as those found in the

Latrobe Valley of Victoria, which may contain

more than 60 percent moisture. As a result, a

crucial aspect is the efficient drying of the coal.

The 50-tonne per day rated throughput of the

pilot plant required about 170 tonnes per day of

raw coal to be processed.

Following extensive pilot plant operation, re

search and development using a 0.1 -tonne per

day bench-scale continuous liquefaction test

facility and related equipment was carried out

until 1997 to improve the reliability, economics

and environmental compatibility of the coal liq
uefaction process. Based on the research and

development results an improved BCL process

was proposed. This comprises slurry
de-

watering, liquefaction, in-line hydrotreating and

de-ashing, with the following features;

Use of a high-active and inexpensive

catalyst such as limonite ore pulverized

in oil

Use of a heavy fraction solvent (boiling
point 300 to 420C)

Adoption of Coal Liquid Bottoms (boiling
point more than 420C) recycling

It was estimated that the improved process

could decrease the crude oil equivalent nominal

price by 24 percent compared with the BCL

process at the Australian pilot plant.

Coprocessing

"Coprocessing"

is generally a variant on other

direct liquefaction processes.

It involves simultaneous upgrading of coal and

of a non-coal-derived liquid hydrocarbon. The

liquid hydrocarbon also serves as the slurrying

and transport medium for the coal. This is usu

ally a low-value high-boiling-point material, such

as bitumen, an ultra-heavy crude oil or a distil

lation residue or tar from conventional crude oil

processing. There is no solvent recycle loop
and the underlying process may be either sin

gle- or two-stage. In general, coprocessing

technologies are based on adaptations of pre

existing direct liquefaction processes to a
once-

through non-recycling basis. In these processes

most of the liquid product derives from the oil

rather than from the coal.

The economics of coprocessing depend pre

dominantly on the differential between the

heavy liquid feedstock cost and the price of

conventional crude oil. The addition of a low-

price coal to the feed improves the process

economics by reducing the average feedstock

cost. Compared with other liquefaction routes,

capital costs are generally significantly lower per

unit of product, because most of the product is

derived from the oil feedstock. In practice, the

true competitors for coprocessing are likely to

be heavy oil upgrading processes.

Although some coprocessing technologies have

been developed to several tonnes per day PDU,

or pilot plant-scale, they have not been devel

oped to the same degree as other liquefaction

processes. None has been demonstrated at

significant (about 100-tonnes per day) scale.

Processes include:

MITI Mark I (Japan)

MITI Mark II (Japan)

The Cherry P Process (Osaka Gas

Company, Japan)

Solvolysis (Mitsubishi Heavy Industries,

Japan)

Mobil (USA)

Pyrosol (Saarbergwerke, Germany)

Chevron (USA)

Lummus Crest (USA)
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Alberta Research Council (ARC, Can

ada)

CANMET AOSTRA (Canada)

Rheinbraun (Germany)

TUC (Technical University of Clausthal,

Germany)

UOP Slurry-catalyzed (UOP, USA)

HTI (USA)

The most important of these are ARC,

CANMET, HTI and Lummus Crest.

Lummus Crest Coprocessing - Lummus Crest

Coprocessing was developed to a 0.25-ton per

day PDU in the early and mid-1980s. A key
feature of the process is that the petroleum

heavy oil is hydrogenated prior to its use as slur

rying solvent ofthe coal.

As with many other coprocessing options, the

intention appears to be to integrate the process

within an existing oil refinery. About 90 percent

of the coal is dissolved in the first stage on a dry
ash-free basis, with overall conversions ap

proaching 95 percent. The overall conversion

of heavy material in the petroleum residue is 70

to 80 percent. The total net yield of distillable

products is in the range 50 to 55 percent on

fresh feed.

Alberta Research Council Coprocessing -

ARC, in collaboration with Canadian Energy

Developments, originally developed the two-

stage Counter-Flow Reactor process for up

grading tar sand bitumen. Subsequently, the

process was adapted to coprocess subbitumi-

nous coals with bitumen. Incorporation of coal

is said to increase distillable oil yields in com

parison with those obtainable from bitumen

alone. The process is unusual as it uses, in

place of H2, CO and water in the first stage.

CANMET Coprocessing - The CANMET hy

drocracking process was intended to hydrocrack

heavy oils and was developed to a 5,000-barrel

per day commercial scale at the Petro Canada

Montreal refinery by 1985. A variation of the

process was adapted for coprocessing and was

taken to the 0.5-ton per day pilot plant scale in a

3-year research and development consortium

program sponsored by Rheinbraun AG, Amoco

Corporation and the Alberta Oil Sands Technol

ogy Research Authority (AOSTRA). CANMET

discontinued research and development

in 1993.

HTI Coprocessing - HTI (previously HRI) has

carried out test work on coprocessing

since 1985, treating it as a simplified version of

the mainstream two-stage direct CTSL coal liq
uefaction process. It differs only in that there is

no recycle solvent loop. Most work has been

carried out with lignites and other low-rank

coals. Recent work includes the use of HTI's

GelCat, an iron-based dispersed catalyst.

Coal conversions of up to 91 percent (dry ash-

free basis) have been reported. The conversion

of heavy material in the petroleum residue var

ied from 80 to 90 percent, with overall distillable

product yields in the range 77 to 86 percent by
weight on the total feed.

Indirect Liquefaction

The only
"core"

unit specific to indirect liquefac

tion is the synthesis reaction step. Here, a con

sensus has developed that slurry-phase flu

idized-bed reactors are preferable. The majority

of recent work in the field has therefore concen

trated on the development of improved catalyst,

which need not be specific to a particular proc

ess.

Indirect liquefaction involves, as a first step, the

complete breakdown of the coal structure by
gasification with steam. The composition of the

gasification products is then adjusted to give the

required mixture of H2 and CO, and to remove

sulfur-containing catalyst poisons. The resulting

"synthesis
gas"

is reacted over a catalyst at

relatively low pressure and temperature. The

products may be paraffins, olefinic hydrocar

bons or alcohols (particularly methanol), de

pending on the catalyst selected and the reac

tion conditions used.
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The only commercial-scale coal liquefaction

process currently in operation is the indirect Sa

sol process in South Africa. Sasol produces

gasoline, diesel fuel and a wide range of chemi

cal feedstocks and waxes from three plants.

The Sasol Process - The Sasol process is

based on the Fischer-Tropsch (F-T) liquefaction
process. The production of synthesis gas by the
Lurgi gasification of coal has remained relatively
unchanged except for an increase in gasifier

size. The first plant, Sasol 2, was built at Sa

solburg , South Africa, in the mid-1950s with a

capacity of about 6,000 barrels per day of gaso
line. The much larger Sasol 2 and 3 plants were

completed at Secunda in 1980 and 1982, re

spectively. These plants were each designed to

produce 50,000 barrels per day of gasoline, to

gether with substantial quantities of other prod

ucts for use as chemical feedstocks, from the

processing of 30,000 tons per day of coal.

A schematic diagram of the Sasol process,

based on the Sasol 2 and 3 plants, is shown in

Figure 6.

The developments by Sasol have resulted in

several changes to the processes now used.

Sasol uses Low-Temperature F-T (LTFT) and

High-Temperature F-T (HTFT) for synthesis.

LTFT is used exclusively at Sasolburg and

FIGURE 6

THE SASOLPROCESS
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SOURCE: DTI

comprises the older Arge fixed-bed technology
as well as the newer-generation slurry-phase

F-T process. At Secunda the HTFT process is

used exclusively. New-generation Sasol Ad

vanced Synthol (SAS) technology first used in

Secunda in 1995, gives the Sasol 2 and Sasol 3

plants a capacity of about 150,000 barrels per

day of crude equivalent of white products plus

chemicals.

The incoming coal is wet-screened and the

<5-millimeter fraction directed to the steam

boiler while the >5-millimeter fraction goes to

the Lurgi gasifiers. Raw-gas clean-up on both

sites is carried out using conventional Lurgi

Rectisol with cold methanol as the wash me

dium. The LTFT process operates at 200 to

250C and 20 to 30 bar, and produces paraffins

and waxes using an iron-based catalyst.

The HTFT process operates at 300 to 350C

and 20 to 30 bar, again with an iron-based

catalyst, and produces a lighter, more olefinic

product slate including gasoline, petrochemicals

and oxygenated chemicals. The gasoline pro

duced by upgrading the primary products is of

particularly good quality.

The Mobil MTG Process - The Mobil Metha-

nol-To-Gasoline (MTG) process produces gaso

line from coal or natural gas in two distinct

steps. The process has been taken to a com

mercial scale in a 12,500-barrel per day plant

built in New Zealand to process gas from the

Maui field. Although this plant is still operating,

it has recently been used solely for methanol

production.

In the first step, synthesis gas produced by
steam reforming of natural gas or by coal gasifi

cation is reacted over a copper-based catalyst

to produce methanol in near 100 percent yield.

The reaction is carried out at 260 to 350C and

50 to 70 bar.

The second step involves partial dehydration of

methanol to dimethyl ether at 300C over an

activated alumina catalyst, followed by reaction

over a fixed-bed zeolite ZSM-5 catalyst. A se

ries of reactions converts methanol and dime

thyl ether to olefins and then to saturated hydro-
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carbons. Yields of material in the gasoline

boiling range represent approximately 80 per

cent of the total hydrocarbon product. With al-

kylation of byproduct propane and butane, total
gasoline yields of 90 percent at 93.7 RON

(octane number) were achieved at the New

Zealand plant.

The Shell SMDS Process - The Shell Middle

Distillate Synthesis (SMDS) process produces a

high-quality diesel fuel from natural gas. It is a

process being considered in many
Gas-To-

Liquids (GTL) processes in oil production. Al

though the technology is primarily aimed at a

natural gas feedstock, synthesis gas generated

from coal gasification would, presumably, be

equally suitable. A schematic diagram of the

process is shown in Figure 7.

Natural gas is first partially oxidized in an oxy
gen-blown Shell gasifier to produce synthesis

gas. The cleaned synthesis gas is then reacted

over a proprietary Shell catalyst in a fixed-bed

tube-bundle reactor that is cooled in boiling wa

ter. The product is almost exclusively
paraf-

finic. The catalyst formulation and operating

conditions in this step are deliberately chosen to

give a much higher-boiling product than usual,

because this minimizes the production of hydro

carbon gases.

FIGURE 7
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In the final step, the waxy heavy paraffin is

catalytically hydrogenated, isomerized and hy-

drocracked in a single trickle-bed reactor over a

proprietary catalyst to give products that are

mainly middle distillates. A high degree of

product recycle is used to minimize the produc

tion of light products and to ensure that higher

boiling-point products are recycled to extinction.

By varying the hydrocracking severity and the

extent of recycle, the product distribution can be

adjusted to give up the 60 percent diesel, with

25 percent kerosene and 15 percent naphtha.

Alternatively, up to 50 percent kerosene can be

produced, with 25 percent each of naphtha and

diesel.

Prospects for Implementation

In 1985 oil prices fell suddenly and, with brief

exceptions, have remained low since. Interest

in coal liquefaction for the production of trans

portation fuels has declined accordingly. At

present, only Japan is active in large-scale

process development, with a 150-tonne per day
plant in operation at Kashima near Tokyo, and

China is participating in several collaborative

feasibility and process development studies. It

remains to be seen whether a future increase in

oil prices will result in renewed interest and pos

sibly in full-scale commercialization. In the

meantime, the emphasis has returned to coal

upgrading.

Ultimately, the commercial viability of coal liq
uefaction rests with the overall economics of the

process. This depends on the availability of

significant quantities of poor-quality, low-cost

coal, and the unavailability or otherwise rela

tively high cost of oil (and gas). Appropriate

market conditions are likely to emerge around

2010; many countries are then likely to be in

volved.

MEMBRANE TECHNOLOGIES THE KEY TO

GASIFICATION ADVANCES

The United States Department of Energy Office

of Fossil Energy (FE) is conducting research
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and development on a wide range of membrane

technologies. Membrane technologies offer the

promise of significant increases in efficiency

and environmental performance needed to meet

the vision 21 goals of 60 percent efficient coal-

based power production and near-zero emis

sions. These enabling technologies were re

viewed in Clean Coal Today, Number 37, Win

ter 1999.

Hot Gas Particulate Filtration

FE's Hot Gas Particulate Filtration (HGPF) pro

gram is the most mature endeavor applying

membrane barrier materials to remove gas

stream constituents. The focus has been on the

use of ceramic materials, primarily in a
"candle"

configuration, to separate particulate matter

from the flue gas of pressurized fluidized-bed

combustion and gasification technologies. A

first generation HGPF has been developed us

ing clusters of clay-bonded silicon carbide can

dles. Alternative materials with potentially supe

rior characteristics are being evaluated.

Oxygen Separation Membranes

Currently, Air Products and Chemicals Inc. and

Praxair are participating with FE in the devel

opment of air separation membrane technology,

using the Oxygen Ion Transport Membrane

(OITM). The OITM employs a dense, mixed-

metal-oxide ceramic material that possesses

both electronic and oxygen ionic conductivity

when operated at temperatures ranging from

500 to 1 ,000C. Ionic conductivity, transport of

the oxygen ion, is facilitated by creating oxygen

vacancies in the ceramic lattice structure.

In the process:

Air under pressure enters the OITM.

Oxygen clings to the membrane surface.

Electrons ionize the oxygen molecule

causing it to dissociate into the lattice

structure.

The ionized oxygen diffuses across the

membrane because of greater oxygen

partial pressure in the air stream.

The oxygen ions relinquish their elec

trons upon reaching the product

(permeate) side of the membrane sur

face and recombine as oxygen.

The process induces electron flow, which com

plements the ionized oxygen transport. Be

cause the lattice structure is designed specifi

cally for ionized oxygen, the separation is

100 percent selective for oxygen, barring im

perfections.

For integrated gasification combined-cycle sys

tems, OITM technology can potentially reduce

the total installed cost of the plant by 7 percent,

improve its efficiency by 3 percent and reduce

the cost of electricity by 6 percent.

Hydrogen Separation Membranes

FE is sponsoring two membrane approaches to

hydrogen separation. Both address separation

from gas streams derived from coal gasification.

Oak Ridge National Laboratory's (ORNL) Inor

ganic Membrane Technology Laboratory (IMTL)
is exploring application of porous ceramic

membranes, molecular sieves, to physically

separate hydrogen by using Angstrom-sized

passages engineered into the matrix. IMTL is

updating classical equations for free molecular

diffusion through capillaries in support of its

membrane design. Success in achieving a

5 Angstrom pore diameter suggests that target

flow rates of 30,000 pounds per hour at 800C

are possible.

Argonne National Laboratory is implementing a

second approach a dense ceramic membrane

dependent upon transport of hydrogen protons

created by ionization of hydrogen molecules.

The membrane is comprised of mixed oxides of

barium and cerium, and doped with yttrium.

The approach has the potential to be 100 times

more effective than molecular sieves.
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Contaminant Controlling Membranes

The Research Triangle Institute in conjunction

with the North Carolina State University is

evaluating polymeric membranes for separation

of hydrogen sulfide and carbon dioxide from

synthesis gases. The concept applies the prin

ciple of selectivity through solubility in removing
these unwanted constituents.

ORNL and the University of Kentucky Center for
Applied Energy Research are evaluating a novel
adsorbent carbon fiber composite, molecular

sieve gas separation medium. Carbon fibers

and powdered-phenolic resin are molded and

fired into a network of carbon fibers with micro-

porous structure. This monolithic Carbon Fiber

Composite Molecular Sieve (CFCMS) selec

tively adsorbs gases. Adsorbed gases are re

leased by heating the CFCMS with a low-

voltage current, which allows for a low-energy
electric swing cycle.

UNIVERSITY OF EDINBURGH STUDYING

CALCIUM-BASED DEPOSITS IN GASIFIER

Researchers at the University of Edinburgh are

investigating the formation of liquids (in the cal

cium sulfide/calcium sulfate and calcium ox

ide/carbon dioxide/steam systems) in an air-

blown pressurized spouted-bed gasifier. The

42,900-project cofunded by BCURA and the

Department of Trade and Industry began in

June 1999 and will be completed in May 2000.

An air-blown pressurized spouted-bed gasifier is

part of the Air-Blown Gasification Cycle

(ABGC). This gasifier partially converts coal to

low-calorific value gas. Limestone or dolomite

is added to the gasifier to retain the sulfur that is

released.

Design and cold model studies of the gasifier in

previous work have indicated that solids circula

tion may be improved in the gasifier base by

removing stagnant regions in the base cone.

However, a steeper angle base, tested on a

0.3-meter rig, indicated that severe deposition

was occurring in the gas duct between the gasi

fier and primary cyclone, which led to rapid

shutdown of the gasifier at rig conditions. The

deposit has a hard layered structure that ap

peared to be produced from a liquid phase. The

effect only occurred when limestone was used,

i.e., not with dolomite.

Investigations have been carried out to identify
the factors causing this effect. To date the de

posits have been characterized, equipment has

been developed to measure phase changes in

Ca-based systems, and the CaO/C02/steam

system has been investigated. However, the

actual chemical system causing the melting has

yet to be identified.

In this project a laboratory-scale pressurized

fluidized-bed gasifier will be used to prepare

samples of partially sulfided sorbent from lime

stone and dolomite. These sorbents will be

characterized by scanning electron microscopy

and energy dispersive x-ray analysis. The

process of melting in the CaS/CaS04 system

and the disequilibrium melting in the

CaO/C02/steam system will be investigated by
means of an impedance spectrometer under

conditions simulating the spout region of the

gasifier.

Understanding the mechanisms behind the for

mation of deposits will enhance the prospects of

identifying a solution to this problem and en

hance the prospect of further exploration of the

ABGC.

SUPERCRITICAL EXTRACTION WITH

FORMIC ACID LOOKS GOOD IN LAB

Supercritical Water (SCW) (Tc = 647 K and

Pc = 22.1 MPa) can be made miscible with light

gases such as H2, CO and 02 . Above 350C

water becomes miscible with oils and aromatics.

The miscibility of SCW with H2, aromatics and

oils provides a unique homogeneous reaction

atmosphere for coal liquefaction.
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T. Adschiri et al. of Tohoku University, Japan,
discussed the extraction of Taiheiyo coal with

supercritical water - formic acid (HCOOH)
mixture in Fuel, 79 (2000), pages 243-248.

Direct Observation of Coal Conversion

Direct observation of coal conversion was car

ried out with a Diamond Anvil Cell (DAC) which

supplies information for the reaction with reac

tion time, which cannot be obtained in the

semibatch type extraction experiments.

With increasing reaction time in SCW, the coal

particles gradually become small but retain their

particle shape. At 60 minutes of reaction time,

the diameter of coal particles became about

80 percent of the parent coal.

For the HCOOH-SCW experiments a drastic

change in the shape of coal particles was ob

served at 2.5 minutes of reaction time, which is

followed by a gradual change. This suggests a

different reaction atmosphere from SCW.

Observation of the HCOOH-SCW solution after

cooling showed that the volume of the oil phase

was as large as the volume of the loaded coal

particles. This indicates a high conversion of

coal to liquid oils in HCOOH-SCW, say Adschiri

etal.

Extraction Experiments

Figure 1 shows the results of coal conversion at

various residence times. The results shown in

this figure imply two stages of reaction; that is,
the extraction of liquid products and the secon

dary reaction in the reactor. The slight change

of conversion in SC-toluene and SCW suggests

that the polymerization or recombination of the

liquid products on the residual coals are not sig

nificant.

However, for HCOOH-SCW, the coal conver

sion decreased down to 63 weight percent at

210-second residence time from 80 weight per

cent at 20 seconds. One reason might be the

decomposition of HCOOH into H2 and C02
gases in the preheating zone, especially at a

longer residence time.

FIGURE 1
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The coal conversion in SCW was higher than

that in SC-toluene. This is probably because of

the effect of hydrolysis on the liquefaction of

coal. The conversion in HCOOH-SCW was the

highest and reached 80 weight percent, which is

consistent with the results of the DAC experi

ments. Furthermore, both particle size and

morphology of the coal particles changed

greatly after the HCOOH-SCW experiments,

although these changed little for SC-toluene and

SCW experiments. These results suggest a

significant reaction of HCOOH with coal.

Acetone Soluble (AS) compound yield did not

change significantly with residence time under

these conditions. However, the yields are dif

ferent among the three cases. In the SC-

toluene experiment, the yield of AS was several

percent. For SCW, it ranged from 20 to

30 percent. For the case of HCOOH-SCW, it

was highest at about 50 percent, and the AS

were lighter components than those found in

SCW or SC-toluene.
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The yield of Volatile Matter (VM) slightly in

creased with the residence time for all cases.

This is because of the decomposition of liquid

products into VM in the reactor. Although the

difference of the yield of VM was not clear,

there was a tendency that the yield of VM in

SCWwas lower than that in SC-toluene, and for

that in HCOOH-SCW to be lower than in SCW.

This is also consistent with the result observed

by the DAC experiment.

Conclusion

In the extraction with HCOOH-SCW, the coal

conversion (80 weight percent dry ash-free) and

the yield of AS (49 weight percent dry ash-free)
were much higher and the VM yield was lower

than in SC-toluene or in SCW, which was con

sistent with the results of the DAC experiment.

The product distribution of AS clearly shifted

toward lower molecular weight side compared

with SC-toluene or SCW. Thus, it has been

demonstrated that coal is converted to lighter

oils (probably through hydrolysis and hydro

genation) in HCOOH-SCW.

TRACER TESTS AT EL TREMEDAL UCG

SITE DEFINE CAVITY GROWTH

During the Underground Coal Gasification

(UCG) experiments at Alcorisa, Spain, a series

of helium tracer tests were carried out to follow

the underground cavity growth. J. Pirard, of the

University de Liege, Belgium, et al. discussed

the results of these tests in Fuel, 79 (2000),

pages 471-478.

The UCG operations at the Alcorisa site

(Province of Teruel), Spain, were financially
supported by the European Commission and by

Spanish, Belgian and United Kingdom organiza

tions as part of the THERMIE program. The

main objective of this project was to demon

strate the technical feasibility of UCG at

600-meter depth. The experimental arrange

ment presented in Figure 1 is made of two proc

ess wells. The first well, by which gasifying

agents are injected, is an in-seam deviated well.

The second well intersecting vertically the end

section of the in-seam deviated well was used to

recover the produced gases. UCG happened

along the in-seam section of the deviated injec

tion well.

After a preliminary study, two models were se

lected for fitting the experimental data:

The combined model composed of a

succession of stirred tanks in series ex

changing matter with an adjacent porous

zone (STEP model).

The combined model composed of a

succession of stirred tanks in series ex

changing matter with a stagnant zone

(STES model).

Results and Discussion

In practice, the tracer is not detected immedi

ately after injection but after a certain delay.

One part of this delay is the residence time of

the gases inside wells and surface pipes. As

suming plug flow conditions, the residence times

inside the wells and the surface pipes are cal

culated and subtracted from the tracer resi

dence times. Table 1 shows the main experi

mental results. During the first gasification

phase (July), the mean residence time increases

progressively to stabilize finally at

2,200 seconds. In the second gasification

phase (starting October 1st), the mean residence

time corresponds to the mean residence time

obtained at the end of the first gasification

phase. The progressive increase plus stabiliza

tion observed during the first gasification phase

is also observed during the second gasification

phase.

The volume of reactor is directly related to the

mean residence and the volumetric flow inside

the reactor. The molar flow in the gasifier is

then estimated using the relation F^r^rp + Fin>N2,
where rP

= a so-called production rate, the sum

of the molar flow of the produced gases divided

by the molar flow of oxygen into the
"reactor."

The reactor volume VR|C may also be evaluated

from the global coal balance knowing the molar
flow in both injection and recovery wells, the
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FIGURE 1

SCHEMEOFTHE UNDERGROUND GASIFICATION PROCESS
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recovery rate, the gas and coal compositions

and the specific mass of coal. A monotonic in

crease of the reactor volume as a function of

the cumulative oxygen injected is observed. As

an approximation, it can be considered that the

volume VR,c, corresponding to the consumption

of a certain quantity of coal, is equal to the vol

umes VRijn and VRp0Ut. These volumes can be

assimilated to an accessible volume. During
each of the two gasification phases, the acces

sible volume becomes progressively lower than

the volume of coal gasified. The more accept

able explanation seems to be a volume reduc

tion due to water influxes.

STEP and STES models were tested for each

process phase. These models are stirred tanks

in series combined with an exchange of matter

with a dead zone, respectively by diffusion and

by transfer of material. On the basis of the sum

of squares of residuals, the STEP model is

preferred to the STES model. The results of the

STEP model parameter estimation give a low

number of tanks in series (J ~ 3), a high volume

fraction occupied by the flowing fluid (s ~ 0.8)
and a dimensionless number characteristic of

the pore diffusion relatively constant (D
~ 0.83).

Those results confirm the excellent fluid mixing

in the gasifier as well as the predominant part of

the volume fraction occupied by the flowing
fluid.

The study of a tracer test response curve

(Figure 2) shows that the tracer is not recovered

immediately at the inlet but after a delay which

cannot be fully explained by the residence time

inside the wells and surface pipes. The most

likely hypotheses to explain that delay is the
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Test

1
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4
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TABLE 1

RESIDENCE TIME AND VOLUME OF THE GASIFIER

No? (kmoD

33

49

160

234

274

917

1,038

1,109

1,468

1,554

1,633

1,869

2,109

2,347

2,639

2,778

gsliisl

168

509

1,107

682

820

714

691

1,377

941

711

724

583

624

783

476

543

(U?.(s) yRiiaim!i VR.outlmn

240

540

540

1,260

1,440

2,230

2,220

2,289

2,040

2,220

2,820

3,300

3,860

3,920

4,879

4,269

2

4

10

21

27

45

42

16

150

165

187

171

176

178

283

217

(ts)-, = mean residence time in plug flow zone

(y2 = mean residence time in zone with backmixing

VR = reactor volume, based on inlet and outlet corrected gas flows

3

7

10

32

37

42

48

25

101

115

124

156

203

171

130

175

assumption that as long as the cavity grows, the

seam roof collapses and forms an accumulation

on the injection point (end of the coiled tubing).

The gasifying agent must then go through the

accumulation of rubble before entering the void

cavity of the gasifier. The rubble thus plays a

role in distributing the gasifying agent in the

gasifier.

Conclusions

The use of the tracer test method to character

ize the El Tremedal gasifier leads to the follow

ing conclusions.

The stimulus-response technique is well

adapted to the study of the flow distribution in

an underground gasifier. The injection of the

tracer in the inlet flow is easy and the detection

of He in the outlet can be realized together with

the online analysis of all gaseous compounds by
mass spectrometry. This technique is perfectly

well integrated in the whole gasification process.

The results of the tracer tests show a relation

ship between the cavity growth and the cumula

tive quantity of injected oxygen. During each

gasification phase, an increase in volume was

followed by a stabilization of the gasifier volume

THE SYNTHETIC FUELS REPORT. APRIL 2000

78



 



COAL

FIGURE 2

RESPONSE CURVE OBTAINED DURINGATRACERTEST
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with time. This can be due to a collapse of the

coal seam roof. The presence of an increasing

quantity ofwater influx might explain the stabili

zation of the gasifier volume with time.

CATALYSTS ARE THE KEY TO NEW COAL

CONVERSION PROCESSES

Coal conversion processes under investigation

include liquefaction, gasification, upgrading of

coal liquid, flue gas cleaning and synthetic gas

conversions. Selection of active species, cata

lyst supports and their optimized combinations

are keys to developing such processes.

I. Mochida and K. Sakanishi of Kyushu Univer

sity, Japan, reviewed recent trends for the de

velopment of catalysts and adsorbents in coal

conversion and utilization processes in Fuel, 79

(2000), pages 221-228.

Coal Liquefaction

Iron-based catalysts have been extensively

studied to increase the catalytic activity in coal

liquefaction processes. Cheap iron sources for

fine-particle FeS have been investigated and

examined for many years. Historically, red

mud, the waste from bauxite, iron ores and

natural pyrite have been examined. The diffi

culty and cost of grinding these to particles of

sub-micrometer size restrict the performance of

coal liquefaction. Better sources are still looked

for.

Synthetic pyrite of a controlled particle size is

another alternative. Synthesis of ferric sulfate

from a cheap iron source, hydration and sulfid-

ing are the steps of catalyst preparation. As fine

particles are prepared, their coagulation appears

to influence the activity. Ferric hydroxide is

sometimes dispersed on coal grains to keep fine

particles as long as possible in the liquefaction

process.
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Organometaliic or carbonyl compounds of iron

have been examined as sources of highly dis

persed catalysts. A small amount (several hun

dred parts per million) is reported to exhibit suf

ficient activity.

Cobalt or nickel molybdenum sulfide on alumina

has been used in the ebulating bed reactor dur

ing coal liquefaction. Rather severe conditions

of hydrogen pressure at 15 to 18 MPa and

higher temperature at 450 to 470C, bottom re

cycle, rapid gas flow for longer residence time

of heavier products, and designed solvent allow

oil yield to approach as high as 70 percent,

leaving minimum residue.

Mochida and Sakanishi have proposed NiMo

sulfide catalysts supported on a particular vari

ety of carbon black of a small particle size, large

surface area, and light weight. Such a support

promises high activity under mild conditions,

better dispersion onto the coal grains as well as

in asphaltene and preasphaltene, and recovery

from minerals for its reuse. These catalysts,

being hollow, have a low specific gravity and

can potentially be recovered from the coal liq
uefaction products by gravimetric separation

methods. Effective dispersion of the catalyst

particles in the slurry in the liquefaction reactor

can be also achieved at high stirring speeds for

a better contact with the substrate molecules.

Various combinations of sulfides such as FeNi

and FeMo can also be candidates for higher

activity and lower cost. Fe(10)Ni(10) or Mo(2)

Fe(10) sulfides supported on Ketjen black have

a high oil yield of around 70 percent from Tani-

toharum coal comparable to that of NiMo sulfide

catalyst, as illustrated in Figure 1 .

The two-stage liquefaction of Yalloum coal

catalyzed by the NiMo/Ketjen black can reduce

the solvent amount required to less than unity of

solvent/coal ratio or even to zero (solvent-free),
where the highly dispersed carbon-supported

catalyst enables extensive hydrogenation at low

temperature in the first stage and effective hy

drocracking at a high temperature in the ensuing
second stage.

FIGURE 1
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Coal Gasification

Catalysts proposed to accelerate coal gasifica

tion are classified into alkali metal salts, alkali

earth metal carbonates, transition metals and

their oxides. The last three catalysts are active

when they are dispersed on the coal or char,

whereas the first one can be reduced to the

metallic state and is mobile in the vapor form.

Spouting or fluidized-bed gasification processes

are under development when coal minerals of a

lower or higher melting point are gasified. A

higher temperature around 1 ,300C or a longer

residence time around 900C assures complete

gasification.

Catalytic gasification at 500 to 750C can be the

basis for gasification processes of the next gen

eration. The authors have proposed the cata

lytic activity of alkali metal salts supported on a

particular perovskite-type oxide of

Lao.8Sro.2Cro.5Mno.45Pto.o503(LSCMP).

The catalytic activity of K2SO4/LSCMP is

strongly dependent upon the coal rank and cal

cination temperature.

It is useful to note that any alkali salt can be

activated on LSCMP in the presence of reactive

char. This is also applicable to cheaper alkali

chlorides.

The present catalyst is applicable for hydrogasi-

fication to replace nickel on char for complete

conversion into methane at a moderate tem

perature.

Catalytic Upgrading of Coal Liquid

More severe regulation on gasoline and diesel

fuels from petroleum requires deep refining of

the coal liquid produced through liquefaction

and coking.

Conventional NiMo sulfide on alumina has been

applied to the upgrading of coal liquid. So far,
no problem has been encountered for in situ

hydrotreating; however, the moderation of reac

tion conditions and longer continuous operation

comparable to those of petroleum refining may

require better catalysts. Designed active carbon

is proved to be a better support for the hy-

drodesulfurization of 4,6-dimethyldibenzo-

thiophene.

Hydrogenation at lower temperatures and suc

cessive HDS (hydrodesulfurization) or HDN

(hydrodenitrogenation) at higher temperatures

are reported to be effective for deeper refining.

High-Temperature Gas Cleaning

The gasified product from coal is presumably

cleaned deeply at higher temperature. SO2 is

fixed by lime, producing gypsum in the oxidative

gasification. Potassium carbonate or perov

skite-type oxide can fix S02 as potassium sul

fate produced is reduced to liberate SO2 with

the aid of active char. Such a high-temperature

S02 removal provides the basis for a new tech

nology of gas cleaning.

H2S should be fixed in reductive gasification.

Lime is also used to fix H2S as CaS which liber

ates H2S above 900C. The possibility of find

ing more stable sulfides such as ZnS and NiS is

being explored. Transition metal oxides which

can capture H2S more stably are regenerated

through oxidation and decomposition. Also,

proper supports can be explored.

Gas-To-Liquid Process

Synthesis gas from coal is converted into

Fischer-Tropsch (F-T) hydrocarbons or di-

methylether through methanol. These proc

esses themselves are basically established, and

now, commercialization on a large scale is be

ing investigated by major petroleum and engi

neering companies. A slurry bed is considered

superior for F-T.

Catalysts are also basically established. A bet

ter support for higher selectivity may be de

signed to pass through the narrow window. A

well-defined target of the support should be

clarified for this purpose. Carbon with defined

micropores and mesopores and a designed

functional surface can function as a novel sup

port.
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Mochida and Sakanishi propose adsorption-

restricted carbon vapor deposition where carbon

deposition takes place exclusively on the pore

wall. Thus, the surface functions as well as the
pore size can be controlled by using heterocy
clic aromatic compounds of a suitable molecular

thickness on the active carbon fiber.

INTERNATIONAL

DME SYNTHESIS COULD UNLOCK REMOTE

COAL RESERVES

Dimethyl Ether (DME) is a clean alternative fuel

that can be produced from natural gas, coal or

other organic resources through syngas. The

properties of DME are suitable for the produc

tion of power generation fuel, transportation

fuel, home fuel and chemicals. Y. Adachi, of

the University of Tokyo, et al. discussed how the

production of DME fuel from unutilized natural

gas or coal resources in remote areas could

contribute to solving the energy-environment

dilemma, in Fuel, 79 (2000) pages 229-234.

Outline ofthe Project for Remote Coal

Utilization Via DME

The coal department of Japan's Agency of Natu
ral Resources and Energy of the Ministry of In

ternational Trade and Industry has decided to

promote DME-producing technology and con

duct research and development to confirm its

usefulness at a pilot plant. The 5-year project

started in fiscal year 1997 is being implemented

as a technology development program in the

Center for Coal Utilization, Japan.

DME is synthesized from syngas H2,CO) in

three steps:

Methanol synthesis reaction

Dehydration reaction

CO shift reaction

The basic features of the NKK process are the

utilization of a slurry-bed reactor and the addi

tion of a shift function to the dehydration cata

lyst. The slurry-bed reactor is an apparatus

where the reaction gas forms bubbles, which

react as they rise in the slurry a solvent con

taining fine catalyst particles. The reactor

structure is simple and the heat of reaction is

quickly absorbed by the solvent that has a large

heat capacity, and owing to the high-heat con

ductivity of the solvent, the temperature within

the reaction vessel is equalized so that it is easy

to control its temperature. Also, there are fewer

restrictions on the shape and strength of the

catalyst in the slurry bed than in the fixed bed.

Figures 1 and 2 show the CO conversion and

the selectivity of one-pass mode reaction ex

periments obtained by bench-scale tests at NKK

(reaction vessel interior diameter is

90 millimeters, slurry bed is 2 meters in height).

The maximum production capacity is

50 kilograms per day of DME where the total

FIGURE 1
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FIGURE 2
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Figure 3 shows the conceptual flowchart of the

overall system which would be used to produce

DME from coal or natural gas, then transport it

and provide it for the thermal powerplant. Of

course, the cost of DME which is synthesized

from coal, is much higher than that of coal.

However, it is expected that the use of DME

made from coal would result in the following
improvements over coal-fired thermal power

production:

Coal cleaning would no longer be neces

sary and all the produced coal could be

used effectively.

It would be possible to use low-quality

coal, lignite coal, etc.

Coal-bed methane, a coal development

byproduct, is often an unexploited en

ergy source.

At the transportation stage the DME

could be handled in the same way as liq
uefied petroleum gas, hence the shipping

and receiving base equipment could be

simple and dust free.

selectivity of DME, MeOH and CH4 is consid

ered 100 percent. The CO conversion rises as

the temperature increases, but it shows a

maximum. This is understood as the effect of

the equilibrium restrictions that appear as the

conversion approaches equilibrium. At 5.0 MPa

and 300C, CO conversion of over 50 percent

and DME selectivity of over 90 percent are ob

tained.

Conceptual System for DME-Fueled Power

Generation

Coal provides 17 percent of Japan's primary

energy. Almost all the firing coal is imported. It

is transported across land and sea, received and

stored, and the necessary handling equipment

and dust prevention measures push up the

costs, and its use lowers the quality of the envi

ronment.

This ash-free clean fuel would eliminate

the need for desulfurization and ash dis

posal treatment.

As a gaseous fuel, DME would achieve

high electricity generation efficiency be

cause of the use of combined-cycle

power production.

The problems of providing a coal yard

and dealing with ash would be solved.

Trial Calculation of the Cost for DME

Production and PowerGeneration

Australian Blair Athol coal (calorific value of

higher heating value: 6,520 kilocalories per kilo

gram, converted to lower heating value:

6,240 kcal/kg, mine site coal price:

US$20.1 per ton) was selected as a typical ex-

83

THE SYNTHETIC FUELS REPORT. APRIL 2000



 



COAL

FIGURE 3

DME POWERGENERATIONTOTALSYSTEM
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ample of steam coal. The powerplant scale was

assumed to be 500,000 kilowatts (operating rate

of 75 percent). The quantity of fuel consumed

to produce electric power was set as

1 .294 million tons per year of pulverized coal for

the coal thermal plant. The net quantity of coal

consumed for DME production and power gen

eration is 1 .328 million tons per year.

When the price of coal is 0.322 yen per

megacalorie (Meal), which is the average price

of Blair Athol coal at the mine site, the produc

tion cost of DME at the production site (same as

that of mine site) is 2.18 yen/Meal. Also, using
natural gas with a price of 0.50 yen/Meal gives

1.83 yen/Meal of DME at the production site.

When the DME (with the price of 2.18 yen/Meal)

is transferred to power generation site (for ex

ample Japan) and converted to electricity it

gives electricity at a cost of 8.16 yen/Meal. By

using conventional power generation plant with

environmental protection apparatus, electricity

is produced with the same coal at a cost of

9.4 yen/Meal. It is clear that the DME process

can produce electricity at a cheaper price.

Environmental Merits of DME Utilization

The total environmental load for DME flow from

coal production at mine sites to power produc

tion and waste material treatment in Japan was

compared with the equivalent environmental

load for coal-fired power production. The

switch-over to DME will reduce the environ

mental load as follows:

As the net coal consumptions are equal,

the quantities of CO2 emission are al

most identical. The effective use in the

gasification furnace of released coal-bed

methane will reduce it by 20 percent

equivalent to CO2.

No sulfur compounds will be emitted into

the atmosphere after the switch-over to

DME. The sulfur in coal will be com

pletely removed after the coal gasifica

tion.

After the switch-over to DME, the quan

tity of NOx generated will be reduced

sharply from coal-burning powerplant

levels, as NOx will not be produced.

Ash will be discharged as molten slag

from the coal gasification furnace, which

is easier to use than fly ash and elutes

no heavy metals.
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Technology Development Challenge for DME

System

The most appropriate reaction conditions

(catalyst, temperature, pressure, retention time)
have been clarified by 50-kilogram per day
bench-scale testing, but to develop a practical

system, 5-ton per day pilot plant testing will be

carried out. The challenges through this testing
are as follows:

Determination of the construction of the

DME synthesis slurry reactor vessel and

establishment of a method of controlling
its internal temperature distribution.

Creation of a highly efficient and highly
selective DME synthesis process.

Development of the technology needed

to scale up a commercial-scale reactor

vessel (several hundreds of tons per

day).

Economic and environmental assess

ment of the total system encompassing

the syngas production, DME synthesis,

DME transportation and DME utilization

stages.

The International Development Engineering So

ciety of Japan is continuing to perform more

detailed case studies of DME fuel introduction,
and based on the results of this work, an inter

national workshop in the year 2000 has been

planned.

TRIGENERATION GETS TRYOUT IN CHINA

As a coal conversion technology offering high

efficiency, low emissions and the ability to bum

a wide range of coals (including low-grade,
high-

ash coals), Trigeneration promises both eco

nomic and environmental benefits. A single

circulating process produces gas and steam,

which can be used for process heat, space

heating or generating electricity.

in Trigeneration is:

Hence the "trf

Domestic gas

Electricity
Heat

As a source of gas, electricity and heat, a Tri

generation plant can provide an integrated en

ergy supply for industrial plants and small

towns. For example, at the demonstration plant

at Wuhan in China, electricity and steam will be

supplied to a car factory, and gas will be sup

plied to residences housing workers and families

(30,000 people). Individual cooking and heating
stoves are inefficient and polluting, and can be

a health hazard. The Trigeneration system is of

most benefit where the gas generated can be

used to replace these domestic stoves.

Trigeneration Technology

The Trigeneration system is an integrated unit

with two principal subunits a Circulating Flu

idized-Bed (CFB) boiler and a Fluidized-Bed

(FB) gasifier.

Hot solids from the CFB are entrained into a

horizontal cyclone, which is part of the boiler.

The solids are then transported to the gasifier,

which is fluidized by superheated steam (bed

surface velocity around 0.3 meters per second).

The hot circulating material serves as the heat

source for the gasifier which is fed with most of

the coal (over 80 percent). Contact with the hot

solids in the absence of oxygen results in pyro

lysis of the coal. The gasifier is fluidized by ei

ther gas or steam resulting in a medium energy

content gas.

The gas is then cleaned up before being piped

to the domestic load (residences). The remain

ing char togetherwith the inert solids is returned

to the CFB. The rest of the coal is fed into the

combustor, where the feed rate can be adjusted

to accommodate fluctuations in steam demand.

The CFB combustor is fitted with both boiler

tubes and a bank of superheater tubes an
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economizer and combustion air preheater are

installed in the flue gas stream. The precise

arrangement of steam side components will de

pend on the steam load and required conditions.

Electricity is generated by a steam turbine using
superheated steam from the boiler. Heat can be

made available either directly from the boiler at

header pressure, or from low-pressure steam

exhausting from a back pressure turbine.

Again, the rating of all components will depend

on the nature of the energy loads and the com

position of the coal to be used.

The complementary processes combine to give

a system offering high-conversion efficiencies

which can yield savings in both primary energy
use and pollutants.

Technology Development

In recognition of the potential environmental

problems that domestic use of coal creates, the

Chinese government has embarked on a com

mitment to provide 70 percent of the population

in towns and cities with gas for domestic use by
the year 2000. The integrated gas and steam

generator
"Trigeneration"

project has been pro

posed by Tsinghua University as a possible so

lution to the problem.

For the pilot-scale test and demonstration proj

ect a 1-megawatt-thermal pilot plant was de

signed and built in 1991 at the Tsinghua Univer

sity experimental power station. The project

was funded by China Energy Conservation In

vestment Corporation of the State Planning
Commission. The State Commission earned

out a verification/assessment on the pilot plant

results and recommended that the work should

proceed to a demonstration project.

The Wuhan Demonstration Plant

The demonstration project was approved

in 1994 and a plant is now under construction by
the Coal Gas Engineering Construction Com

pany in a joint venture with Citroen Car Manu

facturers at Wuhan, in Hubei Province. The

ratings of principal items of the plant in the Wu

han design are given in Table 1.

TABLE 1

DESIGN AND ECONOMICS FOR

DEMONSTRATION PLANT AT WUHAN

Coal Input

Steam Output

Steam Pressure

Steam Temperature

Gas Output

Gas Heating Value

Plant Thermal Efficiency
Project Costs

Annual Running Costs

Annual Revenue

Project Payback Period

6,000 kg/hr

35,000 kg/hr

3.8 MPa

450C

950 m3/hr

15.5
MJ/m3

85.6%

3,070 ICPSUS

1,920 10*$US

3,255 KPSUS

5.3 years

The Trigeneration plant at Wuhan forms part of

the site energy center, feeding superheated

steam into the main header. Steam to run the

turbine can, therefore, be raised by either the

Trigeneration plant or the other boilers.

Coal consumption can be reduced by over

20 percent if a Trigeneration system is used to

replace conventional energy sources (small

boiler to provide heat, coal stoves for cooking
and electricity from the grid).

Other institutions in China are working on simi

lar designs, with additional plants under con

struction:

Jiangsu Province, 75 tons per hour

steam

Jiling Province (Inner Mongolia), 35 tons

per hour steam

Shanxi Province, 35 tons per hour

Future Developments

It is important that economic growth be

achieved with minimum increase in emission
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rates. Trigeneration has the potential to make a China is willing to implement transfer of the

useful contribution to this end, and the possibili- technology, and industrial collaborators in other

ties in China and elsewhere are significant. countries are actively being sought.
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PROJECT ACTIVITIES

AUSTRALIA'S SWEETWATER GTL

PROJECT NAILS DOWN GAS SUPPLY

In January 2000 Methanex Corporation an

nounced that Methanex is providing
US$2 million toward the cost of the engineering
work for the Gas-To-Liquids (GTL) project

known as the Sweetwater Project which was first

announced by Syntroleum Corporation on No

vember 15, 1999. The German engineering
firm Klockner Industrie-Anlagen GmbH is per

forming the engineering work. After completion

of the engineering work, and subject to certain

conditions, Methanex will provide approximately
US$43 million of additional funding for a minor

ity interest in the project. As announced in Feb

ruary 1998, Enron North America, a subsidiary
of Enron Corporation, is also participating in the

project.

The Sweetwater Project is a nominal

10,000-barrel per day plant that will employ the

Syntroleum Process to convert natural gas into

specialty chemicals such as lubricants, industrial

fluids, paraffins and designer fuels.

In February 2000 Syntroleum Corporation an

nounced that the $400 million Sweetwater plant

would be built in Australia, that a $19-million

license agreement was approved by the Com

monwealth of Australia, and a $1 .26-billion gas

sales agreement was signed.

The facility will be located on Western Austra

lia's Burrup Peninsula about 4 kilometers from

the North West Shelf Venture Liquefied Natural

Gas plant. The nearest city is Darwin.

The Western Australia state government agreed

to invest over $19 million in a general infra

structure package, which will include roadways

and a desalination plant to which the project will

supply steam and from which it will receive wa

ter.

Products could include methanol, hydrogen,
normal paraffins (for ethylene production and

waxes for candles), synthetic lubricants

(polyalphaolefins) and drilling fluids, and some

synthetic fuels (naphtha).

A final decision on the project is expected in

2002 and startup of the syngas facility is

planned in 2005.

Gas Supply

In March 2000 Shell Development Australia,

Woodside Energy Ltd. and Methanex Corpora

tion signed a letter of intent that specifies the

key commercial terms for supply of approxi

mately 110 petajoules of natural gas per year

for the Sweetwater facility.

Shell andWoodside are partners in the Northern

Australia Gas Venture (NAGV) which plans to

deliver offshore natural gas to Australia's North-

em Territory. Shell and Woodside hold sub

stantial interests in a number of discovered and

potential gas fields in the Timor Sea off the

Northern coast of Australia. Of these, the

Greater Sunrise fields are being used as the

base case for development against which other

options are being considered. The NAGV,

which was formed to commercialize these and

other natural gas resources, is actively seeking

additional customers for the gas.

CORPORATIONS

GAS-TO-LIQUIDS PLANT PROPOSED FOR

ETHIOPIA

Sicor Inc. (Houston, Texas) has signed a Memo

randum of Understanding with Ethiopia's gov

ernment to build a 20,000-barrel per day Gas-

To-Liquids (GTL) plant as part of a fully inte

grated gas project in the East African country.

The deal includes a concession for 4 trillion cu

bic feet of remote gas and 13.6 million barrels

of associated liquids discovered by Tenneco

Inc. in 1973.
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The Gazoil Ethiopia Project (GEP) would con

sist of a 600-kilometer, 24-inch gas pipeline that
would connect the Calub and Hilala gas fields in

Southern Ethiopia with the City of Awash. In

Awash, the GEP would construct a urea plant, a

5,000-barrel per day cryogenic gas liquids re

covery unit, a 168-megawatt powerplant and a

GTL
"mini-refinery"

capable of processing
200 million cubic feet per day of natural gas to

produce 20,000 barrels per day of synfuels or

petrochemical feedstocks and 20,000 barrels

per day of potable water. Refined products from

the refinery would include diesel, gasoline,

kerosene and jet fuels.

The integrated process is estimated at

$1 .4 billion. Under the terms of the agreement,

GEP would acquire 95 percent of the Calub Gas

Shore Company from the Ethiopian govern

ment's privatization law for $14 million and pay

the government an additional $97 million to

cover exploration and production to date in the

concession. Sicor is currently seeking project

financing for the GEP.

The GEP is targeted to be on full stream by
September 1 , 2002. The Ethiopian government

will own 8 percent of the project, rising to

13 percent after full-cost recovery by GEP. The

government will have the right to "subscribe an

additional 7 percent at project
funding,"

with the

balance of the GEP to be owned by Sicor, other

energy companies that may join the project and

providers of project finance.

Sixth DMEWorkshop

The
6th

DME workshop was held at the facilities

ofVolvo Bus in Gdteborg, Sweden, last Decem

ber. The highlights of this conference are re

viewed below.

During the planar discussion it was agreed that

DME needs promotion as a "universal
fuel."

When looking at transportation in the future, fuel

cells will probably play an important role in light-

duty vehicles. In heavy-duty vehicles other

means to cope with the limitations of the current

technology will be required. DME can serve

both cases; it is an ideal fuel for heavy-duty die

sel engines as well as for fuel cells.

Progress at AVL Powertrain Technologies on

their DME system includes the development of

an inlet throttled variable displacement pump

which combines a compact design with lower

power consumption. Preliminary results on par

ticle size distribution of DME engines shows a

clear advantage compared to diesel engines.

The Volvo presentation discussed some of the

benefits of DME. Sustainable levels of emis

sions can be reached through further improve

ment of today's technology, however Euro V can

only be reached with exhaust aftertreatment.

DME offers:

High well-to-wheel efficiency.

Low emissions in a diesel process a

common fuel for diesel and fuel cells.

WORKSHOPS AND NEW ANNEX SUPPORT

DME IN EUROPE

DME Newsletter Number 4, issued on behalf of

participating countries of the International En

ergy Agency and Implementing Agreement on

Alternative Motor Fuels Annex XIV "Dimethyl

Ether (DME) as an Automotive
Fuel,"

summa

rized some of the recent developments regard

ing DME.

A fossil-based transition to renewable

sources.

Annex XX "DME as Automotive Fuel
II"

The newAnnex "DME as an Automotive Fuel
II"

was presented at the ExCo meeting in Finland.

Eight contracting parties that are willing to con

tribute are: Volvo, BP Amoco, Statoil, TNO

Automotive, Renault, PSA, IFP and AVL. The

activities in the currentAnnex XIV focus on:
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Establishing a fuel quality standard
Evaluation of safety aspects

Evaluation of environmental aspects

The new Annex XX will concentrate on the

characteristics of DME in fuel systems con

cerning mainly:

Wear characteristics

Elastomer compatibility

TNO Automotive coordinates both projects.

CONOCO WILL BUILD GTL PILOT PLANT

Conoco Inc. is teaming up with Howe-Baker En

gineers Inc. for design of a pilot plant to test

Conoco's proprietary syngas and Fischer-

Tropsch (F-T) Gas-To-Liquids (GTL) technolo
gies.

The pilot plant is expected to be a 250- to

500-barrel per day facility. Although the com

pany's current GTL laboratory is in Ponca City,

Oklahoma, the exact location for the new pilot

plant has not yet been selected. Construction

will likely begin around the first of 2001. The

pilot plant could eventually lead to construction

of a commercial plant as early as 2005.

Even though Conoco is moving ahead with its

pilot plant project, they remain skeptical of the

commercial viability of the current technology.

"It is probably marginal from an economic point

of
view,"

according to J. Rockwell of Conoco.

"There are some places it could be used. There

are still some hurdles that have to be
crossed."

"We are continuing to work in the lab. We are

developing units for both the F-T process and

the syngas
process,"

he added. The technology

being developed by Conoco is said to have a

higher yield than other GTL processes using the

same amount of natural gas feedstock.

ANSCHUTZ INVESTS IN RENTECH

In March Rentech Inc. (Denver, Colorado) an

nounced the completion of a series of related

business transactions with Anschutz Investment

Company and Forest Oil Corporation.

Rentech, developer of a process to convert

natural gas to liquid fuels, signed a deal to sell

as many as 8 million of its shares for

$16.2 million to Anschutz Investment Company
and Forest Oil Corporation.

In the stock sale, Rentech initially will sell

1 million shares each to Anschutz Investment

and Forest Oil for $0.60 per share. The two

buyers then have options to acquire an addi

tional 2 million shares each for $1 .25 per share,

and 1 million more apiece for $5 per share. If

the options are exercised, Rentech will end up

selling a total of 8 million shares at a weighted

average price of $2.03 per share. Anschutz and

Forest Oil then would own a total of 1 1 percent

of the company's shares, making them the larg
est owners of Rentech.

In addition, Rentech said it has a preliminary

agreement to bring Texaco Energy Systems in

as a partner for the first gas-to-liquids plant to

be built in the United States in the last 40 years.

Texaco has an option to purchase one-half of

Rentech's 50 percent interest in the Sand Creek

methanol plant in Commerce City.

Rentech plans to convert the facility from

methanol production to gas-to-liquids, using

Rentech's proprietary Fischer-Tropsch process

to convert natural gas to clean-buming diesel,

naphtha, petroleum waxes and other products.

DME TO BECOME POWERPLANT FUEL IN

INDIA

India is quickly moving toward Dimethyl Ether

(DME) as a powerplant fuel as part of a Joint

Collaboration Agreement for the development,
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production and marketing of DME as a multi-

application fuel for India. Progress of the Joint

Agreement was reviewed in DME Newsletter

Number 4 issued by TNO Automotive on behalf

of the International Energy Agency Implement

ing Agreement on Alternative Motor Fuels. In

December BP Amoco along with partners Indian

Oil Corporation Limited, the Gas Authority of

India Limited and the Indian Institute of Petro

leum, successfully completed Phase I with the

issuing of the Techno-Economic Feasibility Re

port (TEFR) for using DME as fuel for power

generation. The TEFR was completed in De

cember 1999, based on an extensive investiga

tion over a period of 1 year by a team of more

than a dozen full-time experts in engineering,

research, finance, marketing and business de

velopment. After reviewing the TEFR, the DME

Group determined that the project can be com

mercially viable and is proceeding to the next

phase, which is to complete a Detailed Feasibil

ity Report. The initial activity is a focused mar

keting effort with power producers and regula

tors in specific states in India regarding DME

sales and purchase terms.

India's Union Power Ministry is discouraging the
use of naphtha as powerplant fuel. DME is cal

culated to be 6 percent more efficient

(kilocalories of fuel consumed per kilowatt-hour

of power produced) than naphtha. This benefit,
coupled with expected lower maintenance costs,

translates to an 8 percent lower cost of gener

ating electricity using DME as compared to

naphtha, even when the delivered fuel costs are

the same.

In mid-February, three Memorandums Of Un

derstanding (MOUs) were signed by BP Amoco

with Indian companies to supply DME as a fuel

for powerplants. The companies involved in

clude: PPN Power Generation Company
Unit II Pvt. Ltd., Pillaiperumalnallur, Tamil Nadu

state; Kannur Power Project Ltd., Kannur, Ker

ala state; and Siasen Energy Ltd., Puthu

Vypeen, Kerala state.

BP Amoco expects to sell some 5,300 tonnes

per day of DME in India. For a 300-megawatt

powerplant, about 1 ,770 tonnes per day of DME

is required.

PPN Power Generating was given permission

in 1999 to double the capacity of its plant in

Tamil Nadu state. The company is adding a

330-megawatt, combined-cycle gas turbine

powerplant at its current location. The new ad

dition to the powerplant was designed to run on

naphtha, which could then be switched later to

natural gas.

The window of opportunity for DME was opened

even wider in Kerala state with the announce

ment by Petronet Liquefied Natural Gas (LNG)
that there will be at least a 2-year delay in

building an LNG receiving terminal at Cochin

(Kochi). The company needed at least a 5-year

agreement for off-take in order for Petronet LNG

to arrange financing for the terminal. The

opening of the terminal has been delayed

to 2005.

PPN Power Generation has held discussions

with Imodco for designing a single-point moor

ing system to handle DME. PPN Power Gen

eration has requested that BP Amoco prove

DME can be used in different makes of turbines.

BP Amoco has obtained assurances from Gen

eral Electric (GE) that DME can be used in GE's

turbines. The company was also looking to find

out if DME can also be used in turbines made

by ABB, Siemens and Mitsubishi Heavy Indus

tries.

The Kannur Power Project was originally a joint

venture between Enron India and

K.P.P. Nambiar and Associates for a

513-megawatt, LNG-fired powerplant. Last

August Enron announced 'it was dropping out of

the project. K.P.P. Nambiar and Associates has

continued to pursue the project and is now

looking at DME for the fuel.

Siasen had proposed building a 650-megawatt

powerplant, also using LNG as a fuel. However,
the company had signed an MOU with

Petronet LNG. Without National Thermal Power

Corporation agreeing to use LNG, the terminal

projectwas delayed.
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ALLIANCE FORMED FOR LARGE-CAPACITY

SYNGAS PLANTS

Synetix, Methanex and ABB Lummus Global

have formed an alliance to complete the devel

opment and commercialization of the

CXR Process for converting natural gas into

large volumes of synthesis gas (syngas). Syn

gas can be converted into a wide range of fuel

and petrochemical products, including methanol

and hydrogen. It is also a key component of

gas-to-liquids and methanol-to-olefins proc

esses.

Synetix and Methanex have been cooperating
to develop this new process since 1996 and are

joined by ABB Lummus Global who will contrib

ute to the next phase of development and dem

onstration. ABB Lummus Global will also mar

ket the CXR Process when its development is

complete, which is anticipated in late 2002.

The benefits of this process are claimed to in

clude improved environmental performance,

increased energy efficiency and a much larger

scale of operation than conventional plants.

The result is lower unit capital and operating

costs. Methanex believes that this process will

revolutionize the syngas industry, reducing the

economic barriers to the manufacture of a vari

ety of syngas derivative products.

Synetix, a wholly owned subsidiary of the

ICI Group of Companies, is a global catalyst

and technology business with a long history as a

supplier to the syngas industry.

Methanex is a Vancouver, Canada-based public

company engaged in the worldwide production

and marketing of methanol.

ABB Lummus Global is an international engi

neering and construction company providing a

wide range of technologies and services to the

chemical, petrochemical, petroleum refining, oil

and gas, and power industries. ABB Lummus

Global is part of ABB's worldwide oil, gas and

petrochemical business activities, which em

ploys approximately 10,000 people.

ALASKA GAS-TO-LIQUIDS PLANT

PROPOSED

For over 20 years the State ofAlaska and the oil

producers have been unable to economically

exploit Alaska's North Slope natural gas, due to

the lack of pipeline or processing facilities that

can take this gas to market.

Currently there exist three possible solutions for

marketing North Slope gas. First, is the pro

posed Alaskan Natural Gas Transportation

System (ANGTS) designed to move gas to the

Lower-48 States. Second, is the construction of

a new gas pipeline coupled with a Liquefied

Natural Gas (LNG) plant at Valdez. Third is the

ANGTL (Alaskan Natural Gas To Liquids Com

pany) proposal for a Gas-To-Liquids (GTL)
plant.

Idaho National Engineering and Environmental

Laboratory (INEEL) recently completed an

analysis of North Slope Alaska GTL options.

E. Robertson of INEEL compared the following
five scenarios, in order of the best net present

value:

Staged, slow-paced GTL development

No major gas sales

Fast-paced GTL development

GTL in Southern Alaska instead of on

the North Slope

Gas pipeline and LNG

Gas Utilization Scenarios

The study estimates 21 .8 trillion cubic feet of

gas could become available for sale from the

Prudhoe Bay field.

In the slow-paced GTL scenario, the plant con

struction takes advantage of the learning curve

associated with newer technologies. The study

assumes the plant, located on the North Slope,

would receive Prudhoe Bay gas at 0.5 billion

cubic feet per day (bcfd), beginning in 2005.
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This is followed by new 0.5-bcfd modules being
added every 5 years until a total capacity of

2.5 bcfd (300,000 barrels per day of liquid pro

duction) is reached.

The study's "no major gas
sales"

scenario as

sumes continued oil production with gas re-

injection until the field reaches an economic

limit of 169,000 barrels oil per day in 2025.

In the fast-paced scenario, the study assumes

the construction of a 300,000-barrel per day
GTL plant (2.5-bcfd feed rate) on the North

Slope. The timing and volumes match the LNG

scenario.

For a GTL plant in Southern Alaska, the study
includes a $6-billion, 800-mile gas pipeline from

Prudhoe Bay to the ice-free port of Valdez.

Capital costs are less for the plant, and tariffs

are charged for moving the gas through the

pipeline.

The study's gas pipeline and LNG plant scenario

involves gas sales from Prudhoe Bay beginning
in 2005 and reaching a maximum rate of 2 bcfd

in 2009. The study also includes gas sales from

the Point Thompson field, 50 miles east of

Prudhoe Bay and containing an estimated

5 trillion cubic feet of gas.

ANGTL Project

R. Peterson has summarized the ANGTL project

in a presentation to ANGTLweb site viewers.

According to Peterson the key advantage of any
GTL process in recovering North Slope gas is its

feasibility. A GTL plant can be built at Prudhoe

Bay, Fairbanks orValdez.

Although it is possibly the most expensive place

in Alaska to build and operate, a GTL plant built

on the North Slope using the excess capacity in

the Trans-Alaska Pipeline System (TAPS),

would have the flexibility to start operations at a

size that the market can absorb. The ANGTL

project will produce "white
products"

(syn-

products) that can be batched through the TAPS

to Valdez. The Fischer-Tropsch (F-T) diesel

and naphtha produced from this process are

environmentally and economically superior to

existing diesel or naphtha available in the mar

ket today. The market for the F-T diesel is

PADV (Washington, Oregon, California and

Arizona), while the market for naphtha is the Far

East, primarily Japan.

The ANGTL proposal incorporates seven ele

ments that make the project economically at

tractive to all parties, says Peterson. First, the

creation of an industrial trade zone that can is

sue tax-free industrial revenue bonds at much

lower rates than traditional bank financing or

investor required internal rate of return. Sec

ond, a modification of the federal motor fuels

tax on diesel fuel to help recover the extraordi

nary costs of building and operating a GTL plant

in Alaska. Third, finishing the products to diesel

and naphtha in Alaska so that these environ

mentally superior products can be more easily

marketed in PAD V and the Far East increases

their value. Fourth, processing all gas on a net-

back basis with the gas purchase price indexed

to the composite price of the products sold.

Fifth, extending the operating life of the TAPS

results in maximizing the recovery of oil re

serves. Sixth, sharing the net cash flow of the

ANGTL plant with the gas owner and the state.

Seventh, reducing United States dependency on

foreign oil and the United States trade deficit

while utilizing America's largest known gas re

serve.

Peterson says that the ANGTL project utilizing

the Slurry Phase Distillate (SPD) process is su

perior to other GTL alternatives for several rea

sons:

Companies have developed, designed,
constructed and operated these proc

esses throughout the world.

It produces environmentally superior

"white"

diesel which can improve air

quality in theWestern United States.

Over 32 billion gallons of diesel and

gasoline have been produced and sold to

date.
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The SPD process is among the most ef

ficient in the world.

SPD processes are financiable on Wall

Street and in the bond market.

The ANGTL Group proposes to contract with the
owner of GTL technology to design, build and

operate a 50,000-barrel per day GTL plant, a

waste heat recovery system for electrical gen

eration and a C02 recovery system for en

hanced oil recovery including the necessary in

frastructure to support not only this plant but

future GTL plants.

ANGTL Project - Development Phases

Development of the ANGTL project is divided

into four basic phases:

Government support

Excellent engineering and environmental

design

Timely and cost-effective project con

struction

Sound and safe operation

Each subsequent phase is dependent upon suc

cessful completion of the proceeding phase.

However, the most critical development phase

is gaining federal government support. Without

legislative support on the federal level there is

no project. The ANGTL project is viable without

tax-free revenue bonds; however, with them the

net-back to the gas owner is considerably

higher.

Peterson views a fact-finding trip by the state

and federal delegations as essential to the proc

ess. The delegations should return from view

ing the MossGas GTL facilities confident that:

The GTL process is commercial.

The GTL process is one of the best op

tions to developAlaska's gas reserves.

The GTL process as proposed by
ANGTL is the most attractive for Alaska,
the United States environment and its

citizens.

United States Congressman Young is in the

process of putting together a delegation he will

lead to South Africa to view world-leading GTL

technology. This trip is scheduled to leave

Washington, D.C., on May 26, 2000.

ENERGY POLICY AND FORECASTS

GAS-TO-LIQUIDS WILL OPEN MARKETS

FOR REMOTE GAS RESERVES

About 5,000 trillion cubic feet of stranded gas

reserves exist worldwidegas that is not eco

nomically feasible to recover and move to mar

ket through pipelines. Commercial Gas-To-

Liquids (GTL) technology enables the monetiza-

tion of these reserves, according to M. Agee of

Syntroleum Corporation, as quoted in Harts

E&P, January 2000. This allows industry to

book billions of dollars of assets that would oth

erwise remain virtually worthless. As a result,

GTL has the potential to add immensely to the
world's supply of clean liquid fuels.

As the United States, Europe, Asia and Latin

America create tougher environmental fuel

specifications and nations worldwide eliminate

the practice of flaring natural gas, GTL products

have become more attractive as a solution to

several problems. In the past, GTL has been

too expensive to use commercially. Experts

once thought crude oil prices would have to be

sustained in the $30 per barrel to $35 per barrel

range for GTL products to compete and world

oil prices appeared to be moving further and

further away from that range.

But three recent developments favor commer

cial GTL development according to Agee:
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Environmental regulations are creating a

premium for ultraclean fuels.

New technology is lowering the capital

costs and operating costs of GTL devel

opment.

World oil prices have risen about $20 per

barrel.

Therefore, the oil and gas industry is taking a

serious look at commercialization of GTL.

While many announcements have taken place

over the past year about proposed GTL projects,
a new commercial project is yet to get off the

ground. Many questions still remain. The

amount of energy required for a GTL plant is

enormous. According to J. Belcher of Hart's

E&P, a 10,000-barrel per day Fischer-Tropsch

(F-T) plant would require the same amount of

energy as a 200,000-barrel per day refinery.

Other types of plants, such as ethylene plants,

also require a high energy input and they are

economically feasible, so this may not be the

driving issue.

Given the exothermic nature of the process,

operators will have a high degree of flexibility in

how they configure a plant. Multiservice equip

ment could be expensive, but could use the en

ergy produced and increase thermal efficiency.

The question is whether a market will exist for

the excess energy. There will be no ideal plant.

Each one will be unique due to factors such as

size, location, cost of feedstock and integration

with oil production.

Many models show remote gas associated with

GTL projects at prices of $0.50 per million BTU,
however this will be unique for each field. The

gas costs can be accurately assessed only if

an integrated process is in place.

Another difference with each potential project

will be the purity of the feedstock. In GTL hy
drocarbons already exist, and they will be frac

tionated on the front end. While natural gas

composition is primarily methane, natural gas

liquids should be taken out on the front end be

cause of their high value.

The amount of methane in gaswhether 90 or

70 percentwill not have a large effect on the

cost of a plant. The gas must be sulfur-free

before it goes through the F-T process. While

the technology is available to remove sulfur

from hydrocarbon streams, it is expensive.

More difficult is aromatics removal. Impurities

such as CO2 present another dilemma. But the

GTL process is helped by the existence of CO2.

The technologies are available for CO2 reform

ing, which provides opportunities to change the

ratio. Mobil used reforming in New Zealand to

change the CO2 content and increase the car

bon yield from methane to methanol. While

C02 can be used as a mechanism in reforming,

the challenge with a high-C02 content is carbon

lay-down. Non-economic factors also affect

CO2 removal with respect to greenhouse gas

issues.

Plant Configuration

An advantage for GTL processes that take place

in remote locations is that GTL can produce a

transportable productsyncrudewithout pro

duct workup.

In some locations, GTL would integrate with re

finery processes. Opportunities and synergies

exist with integrated gasification combined-cycle

plants, refineries and liquefied natural gas pro

duction facilities. For example, Mossgas aims

to improve its profitability through chemical

manufacturing. Naphtha could be sold as a pet

rochemical feedstock.

Implementation Barriers

A long-standing barrier to GTL project imple

mentation has been the low cost of crude oil.

That market factor has improved, but it is un

clearwhether oil prices are high enough yet and

could sustain themselves long enough to justify
the high capital costs.

While capital costs may have come down, there
have yet to be significant breakthroughs, such
as ceramic membrane technology for oxygen

separation. The high capital cost and potential

market would make financing extremely difficult.
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Companies that launch GTL projects will likely
have to use their own financing. Much of the

proven technology, such as that produced by
Exxon and Shell, is not licensed, and Exxon's

patent position and apparent willingness to use

it in the courts, represent another barrier to

commercialization.

The Exxon/Mobil and BPAmoco/ARCO merg
ers were accompanied with promises about fu

ture GTL developments, and these larger enti

ties will have more capital to implement GTL

projects. The Chevron/Sasol joint venture and

pledge to build a facility in Nigeria is another

reason for increased optimism and could serve

as a needed precedent for future joint ventures.

The First Commercial Projects

Companies with large stranded gas reserves

certainly have incentives. Chevron has large

gas reserves in Nigeria, thus its joint venture

with Sasol is a likely candidate. Phillips wants

to have a project in Qatar, but Qatar has lique

fied natural gas projects to monetize its gas. It

has the luxury of being able to wait until the time

and price are right.

BP Amoco/ARCO made the announcement

about a pilot project in the Alaska North Slope.

One incentive for both the government and

BP Amoco is keeping product flowing through

the Trans-Alaskan Pipeline. Shell, already a

GTL player, is reopening its Bintulu plant next

year with increased capacity. The industry will

watch to see if Shell can profit from the restart.

Trinidad and Tobago are seeking a partner to

develop gas reserves and integrate F-T syn

crude with refinery operations. While Trinidad's

natural gas is not cheap ($0.50 per million BTU)
the country does have existing syngas technol

ogy and is in close proximity to the United

States products market.

ECONOMICS

SASOL SEES POTENTIAL IMPROVEMENTS

IN GAS-TO-LIQUIDS ECONOMICS

In recent years, there has been a renewed inter

est in the use of Fischer-Tropsch (F-T) technol

ogy for the conversion of natural Gas To Liquids

(GTL). Some of the factors that contributed to

this are:

An increase in the known reserves of

natural gas.

The need to monetize remote or

stranded natural gas.

Environmental pressure to minimize the

flaring of associated gas.

Improvements in the cost-effectiveness

of F-T technology resulting from the de

velopment of more catalysts and im

proved reactor designs.

A. Vosloo of Sasol Technology Research and

Development summarized economic improve

ments in GTL technologies at the 219th Ameri

can Chemical Society National Meeting held in

San Francisco, California, in March.

Reforming Technologies

To convert natural gas (mostly methane) to

syngas (a mixture of H2 and CO), the designer

can choose from the following four well estab

lished reforming technologies:

Steam reforming

Partial Oxidation (POX)
Autothermal reforming

Combined or two-step reforming

The choice of reformer technology will have an

influence on the thermal efficiency of the plant
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as a whole and on the capital costs of the re

former, oxygen plant (where applicable) and the

F-T section. One of the biggest challenges is to

optimize the energy integration between the

syngas generation and syngas conversion sec

tions.

By combining a steam reformer with an

autothermal reformer, better energy utilization

can be obtained than with either steam or

autothermal reforming alone. Depending on the

degree of energy integration and the specific

operating conditions, the thermal efficiency of

the GTL plant can be improved by about 1 to

2 percentage points. Although less expensive

than steam reforming on its own, this type of

reforming is more expensive than autothermal

reforming and the choice between combined

and autothermal reforming will depend on the

cost of the natural gas.

Syngas Conversion

Due to its high activity and long life, cobalt-

based F-T catalyst is currently the catalyst of

choice for the conversion of syngas to liquid

fuels. The exothermic nature of the F-T reac

tion combined with the high activity of the Co

catalyst makes the removal of heat from the

reactor of critical importance.

In the case of a tubular fixed-bed reactor, this

becomes even more problematic due to the in

herent temperature profiles inside the tube.

This problem can be controlled by finding the

balance between the tube diameter and the us

age of a
"quench"

medium such as the recycle

of inerts.

Due to the good mixing and heat transfer char

acteristics of a slurry-phase reactor, the tem

perature control in such a reactor is much less

of a problem than in a tubular fixed-bed reactor.

Care must be taken in the design of such a re

actor that, during normal operating conditions

and also during the shutdown of the reactor, no

stagnant zones with poor mixing occur which

may result in localized hot spots. Another criti

cal design aspect of a slurry-phase reactor is the

separation of the catalyst from the wax.

Because the H2/CO ratio of the syngas is an

important design variable to maximize the pro

duction of high quality diesel, the designs of the

reformer and the F-T sections cannot be done in

isolation. The most cost-effective design for

both units can only be obtained by taking the

mutual interaction between these units into ac

count.

Hydroprocessing

The wax and hydrocarbon condensate produced

by the F-T process is predominantly linear par

affins with a small fraction of olefins and oxy

genates. The hydrogenation of the olefins and

oxygenates and the hydrocracking of the wax to

naphtha and diesel can be done at relatively

mild conditions.

In the design of the hydrocracker, a balance

must be found between the per-pass conver

sion, diesel selectivity and diesel properties.

The higher the per-pass conversion, the smaller

the cracker will be due to the lesser recycle of

material back to the cracker. This will, however,
be at the expense of the diesel selectivity, be

cause over-cracking of the liquid to gasses will

occur. Another complicating factor is that the

per-pass conversion also influences the diesel

quality. The higher the per-pass conversion, the

better the cold-flow properties but the lower the

cetane value will be, due to the increased de

gree of isomerization.

Capital Cost

Studies done by Sasol indicated that the total

installed cost of a two-train 30,000-barrel per

day GTL plant is on the order of about

$24,000 per daily barrel. It is also believed that

the capital cost can be further decreased to

about $20,000 per daily barrel by:

The economy of scale of larger single-

train capacity plants.

The economy of scale of adding trains.

Improved process integration and opti

mization.
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Progressing up the learning curve.

The capital cost associated with the syngas

generation section is more than 50 percent of

the total inside-battery-limits cost ofthe plant.

Operating Cost

Based on a gas cost of $0.50 per MMBTU, the
estimated operating cost is on the order of about

$10 per barrel of which the gas cost is $5 per

barrel. The main areas of energy loss from the

process are the syngas generation and syngas

conversion sections. The oxygen plant and re

former combination is responsible for about

45 percent and the F-T section for about

50 percent of the energy losses from the plant.

About 50 percent of energy loss from the F-T

plant is due to condensing of the reaction water

produced by the F-T reaction and the balance

results from the inefficiency with which energy is
recovered from the relatively low-pressure

steam.

Future Improvements

In order to have the greatest impact on the eco

nomics of the process, future breakthroughs

should be in areas that decrease the capital cost

of syngas generation and/or improve the ther

mal efficiency of the plant as a whole.

One way of improving the thermal efficiency of

the process is to combine it with a power gen

eration plant. Such a combination will create a

more efficient utilization of the low-pressure

steam produced by the F-T process. If the en

ergy associated with this steam is sold at the

same price as that of the natural gas ($0.50 per

MMBTU), an additional income of about

$0.50 per barrel can be obtained.

Two key changes to the reforming section that

can increase the thermal efficiency of the proc

ess are the use of a heat-exchange reformer in

combination with an autothermal reformer, and

the use of a feed/product heat exchanger to re

cover energy from the reformer outlet. One of

the technical issues that must be solved for ei

ther option is the potential problem of metal

dusting in the heat-exchange reformer.

The combination of a heat-exchange reformer

with an autothermal reformer is similar to com

bined reforming, the major difference being that

the energy to the steam reformer is not supplied

by a fired heater but by the exit gas from the

autothermal reformer. The potential benefits of

such a reforming configuration are:

Savings of about 30 percent in oxygen

consumption

An increase of about 4 percentage points

in the thermal efficiency ofthe plant

The oxygen consumption can be decreased by
about 3.5 percent and the production of liquid

fuels can be increased by about 2.5 percent if a

feed/product heat exchanger is used to preheat

the natural gas to the reformer.

One way of eliminating the oxygen plant is to

use ceramic membranes to separate the oxygen

from the air. In addition to the capital cost sav

ings associated with the elimination of an oxy

gen plant, the thermal efficiency of the plant can

also be improved by combining the oxygen re

moval and reforming sections into one unit.

Some of the technical issues that are being re

searched include the maximization of the oxy

gen flux and the mechanical strength of the ce

ramic tubes.

Other potential improvements involve catalyst

design. The Co catalyst can be improved by

increasing the catalyst life by making it more

resistant to irreversible sulfur poisoning. Addi

tional improvements can be realized by

changing the selectivity dependency on the

H2/CO ratio to such an extent that high diesel

yields can be obtained at H2/CO ratios similar to

the usage ratio. The advantage of such a cata

lyst would be that, due to the increase in reac

tion rate at higher H2/CO ratios, much less

catalyst would be needed for the same conver

sion. To obtain the same conversions at l-tyCO

ratios of 2 and 1 .6, 50 percent more catalyst is

needed at the lower H2/CO ratio.
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Conclusions

Although the three main processing steps of a

GTL plant have been individually optimized for

other applications, opportunities do exist to de

crease the capital and operating costs by re-

optimizing these processing steps for GTL ap

plications, says Vosloo. In addition to these op
timization opportunities, there are other potential

breakthroughs that can also significantly reduce

the operating and capital costs of a GTL plant.

SFA PREDICTS IMPROVED ECONOMICS

FOR GAS-TO-LIQUIDS PLANTS

Fischer-Tropsch (F-T) chemistry is often re

garded as the key technological component of

schemes for converting synthesis gas (or syn

gas) to transportation fuels and other liquid

products. However, syngas production itself

accounts for more than half the capital invest

ment and a disproportionate share of the oper

ating costs for a Gas-To-Liquids (GTL) complex.

The manner in which syngas is produced can be

influenced by, and in turn can profoundly im

pact, many facets of the overall GTL process

design.

D. Simbeck et al. of SFA Pacific Inc. reviewed

the status of commercial and developmental

syngas production technologies in the context of

GTL production based on F-T synthesis at the
219th

American Chemical Society National

Meeting held in San Francisco, California, in

March.

Syngas Generation Technologies

In principle, synthesis gas may be generated

from any hydrocarbon feedstock, including natu

ral gas, naphtha, residual oil, petroleum coke

and coal. However, in the context of GTL appli

cations low-value natural gas is the predominant

feedstock of interest. The focus for GTL has

thus been on associated gas, so-called stranded

or remotely located gas reserves and larger gas

reserves that are not currently being economi

cally exploited. In the near-term, associated

gas may offer the greatest potential, particularly

where such gas is subject to flaring constraints

and associated reinjection costs.

The principal technologies for producing syngas

from natural gas feed are summarized and

compared in Table 1.

The product syngas composition from these

processes can, within limits, be manipulated by

altering various process conditions and/or by
means of additional process steps.

Partial Oxidation (POX) and Steam Methane

Reforming (SMR) may be used in parallel to

produce syngas streams that have differing
compositions but, when mixed, form a total F-T

feedstock of the desired composition. An alter

native to this approach is AutoThermal Re

forming (ATR), which combines POX with cata

lytic steam reforming in one reactor.

ATR properly refers to a stand-alone,
single-

step process for feedstock conversion to syn

gas. However, the same basic idea can be ap

plied to reactors fed by partially reformed gases

from a primary reformer. Such reactors form a

subcategory of ATR that is commonly called

secondary reforming.

Much of the forward-looking consideration of

syngas production for GTL has focused on ATR.

In part, this is due to the technology's basic

compatibility with F-T feed chemistry require

ments. However, this focus also reflects the

perception that ATR has other attributes-

relative compactness, lower capital cost and

greater potential for economies of scalewhich

will contribute significantly to the economic vi

ability of GTL plants.

Ongoing efforts to develop lower-cost syngas

generation technologies include the following:

The development and application of

"compact
reformers"

and of "heat ex

change
reformers,"

in which a portion of

the heat of reaction is provided by heat

recovery from the reformed gas, rather

than by burning fuel.
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TABLE 1

COMPARISON OF SYNGAS GENERATION TECHNOLOGIES

(Natural Gas Feed)

Technology Advantages

SMR Most extensive industrial experience

Oxygen not required

Lowest process temperature requirement

Best H2/CO ratio for hydrogen production

applications

Heat Compact overall size and
"footprint"

Exchange Application flexibility offers additional

Reforming options for providing incremental capacity

Two-Step Size of SMR is reduced
Reforming*

Lowmethane slip favors high purity

syngas applications

Syngas methane content can be tailored

by adjusting secondary reformer outlet

temperature

ATR Natural H2/CO ratio often is favorable

Lower process temperature requirement

than POX

Lowmethane slip

Syngas methane content can be tailored

by adjusting reformer outlet temperature

POX Feedstock desulfurization not required

Absence of catalyst permits carbon

formation and therefore operation without

steam, significantly lowering syngas C02
content

Lowmethane slip

Low natural H2/CO ratio is an advantage

for applications requiring ratio <2.0

*SMR followed by oxygen-blown secondary reforming.

Disadvantages

H^CO ratio often higher than required

when CO also is to be produced

Highest air emissions

Limited commercial experience

In some configurations, must be used in

tandem with another syngas generation

technology

Increased process complexity

Higher process temperature than SMR

Usually requires oxygen

Limited commercial experience

Usually requires oxygen

Low natural H^CO ratio is a disadvantage

for applications requiring ratio >2.0

Very high process operating temperatures

Usually requires oxygen

High temperature heat recovery and soot

formation/handling adds process complexity

Syngas methane content is inherently low

and not easily modified to meet

downstream processing requirements
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Development and application of air-

blown ATR technology, thereby elimi

nating the need for an oxygen plant.

New reformer reactor approaches, most

notably that employed by Exxon's

AGC-21 process for converting natural

gas to liquids. The first step in this proc

ess is syngas generation via oxygen-

blown catalytic ATR in a fluidized-bed

reactor. The process has been demon

strated at large pilot-scale about

200 barrels per day.

"Ceramic membrane
reactors,"

based on

the use of ionic or oxygen transport

membranes, which would couple air

separation and POX in one unit opera

tion, thereby eliminating the need for a

conventional oxygen plant.

Large-Scale Syngas Generation forGTL

Relevant Commercial Experience

Commercial experience relevant to large-scale

syngas generation for GTL plants may be de

rived principally from two areas prior and ex

isting F-T synthesis facilities and large-scale

methanol plants.

Methanol plants are relevant, in part, because

they require a syngas composition similar to that

required for F-T synthesis. Moreover, world

scale methanol plants have become increas

ingly large. Single-train methanol plants already

are producing more than 2,500 metric tons per

day (mtpd) of methanol, and even larger plants,

approaching 3,000 mtpd, have been announced.

In syngas terms, a 20,000-barrel per day F-T

plant would be comparable to three 2,500-mtpd

methanol plants.

Another aspect of syngas generation in metha

nol plants that is relevant to GTL is the fact that

methanol plants consistently have been cited as

logical applications for ATR. In practice, oxy

gen-blown ATR has yet to see application in a

large-scale methanol plant, although oxygen-

blown secondary reformers have seen operation

in a limited number of plants, such as the

2,400-mtpd Conoco/Statoil methanol plant, of

Haldor Topsoe design, that started up in Norway
in 1997.

Other relevant syngas generation experience

comes from Shell's F-T operation in Bintulu,

Malaysia, and from the operations of Mossgas

and Sasol in South Africa. The 12,500-barrel

per day Shell plant employs POX of natural gas

for its primary syngas generation. A small SMR

is operated in parallel with four POX reactors to

provide a secondary syngas stream for adjusting

the overall syngas composition.

The 20,000-barrel per day Mossgas plant con

sists of three trains, each equivalent On syngas

terms) to a 2,500-mtpd methanol plant. Started

up in 1992, the plant utilizes Lurgi's two-step

reforming process i.e., SMR followed by oxy

gen-blown secondary reforming. Lurgi also pro

vided two-step reforming technology for a grass

roots methanol facility in Malaysia which started

up in 1984.

Because the Sasol F-T operation in South Africa

is coal-based, its primary syngas generation is

not directly relevant to the natural gas-based

plants now being considered for GTL. However,
Sasol also has operated 16 oxygen-blown ATRs

of Lurgi design since 1982. These units operate

on recycle methane and have now been retro

fitted with burner technology provided by Haldor

Topsoe. Although small each unit is about

one-tenth the capacity required for a

20,000-barrel per day F-T plantthese units

represent the largest oxygen-blown ATRs to

have been commercially operated to date.

Development of two bellwether F-T projects a

20,000-barrel per day facility by Chevron and

Sasol in Nigeria and a plant of like capacity by
Phillips and Sasol in Qatarreportedly is pro

ceeding on the basis of using ATR technology
provided by Haldor Topsoe. Such commercial

application of ATR represents a considerable

extrapolation and scale-up of prior technology.

Air-Blown versus Oxygen-Blown ATR

Analysis of the cost distribution for a facility that

is based on the use of oxygen-blown ATR,
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shows that GTL costs are dominated by capital

charges, which comprise about two-thirds of the

total costs. Syngas production, in turn, accounts

for about half of the capital investment, in part

due to the significant capital cost of the oxygen

plant. Consequently, the oxygen plant invest

ment has been an attractive target of GTL cost-

cutting strategies. This target has spawned both

long-term strategies, e.g., the ceramic mem

brane reactor, and short-term strategies, e.g.,

air-blown ATR. However, SFA Pacific sees no

apparent advantage that would favor air-blown

over oxygen-blown systems.

Indeed, air-blown reforming technology is un

likely to be economically competitive with oxy

gen-blown systems and appears much less

flexible. Factors which more than negate the

savings associated with elimination of the oxy
gen plant include: lower thermal efficiency, high

air compression power requirements, the inabil

ity (because of its composition) to recycle F-T

tailgas, and the larger downstream equipment

sizes and pressure drop associated with han

dling the much larger volumetric flow of gas.

Questions also remain about the potential for

forming ammonia and other nitrogen com

pounds in the downstream F-T conversion units.

Also problematic with air-blown operation is the

low-heating value of the F-T tailgas. From an

economic standpoint, utilizing this tailgas to

generate power for export sale is a potentially

key contributor to the overall viability of the GTL

plant.

Outlook

Although not yet confirmed by new, large-scale,
commercial F-T plants, there is good reason to

believe that proposed and future GTL facilities

will be substantially less costly than their expen

sive predecessors. In large measure, such cost

reductions will be attributable to improvements

in F-T catalyst and reactor design, the most sig
nificant ofwhich have been pioneered by Sasol.

At the same time, in the absence of a break

through technology, economy-of-scale will be

the only significant mechanism by which GTL

can achieve greater economic viability.

In the near term, prospects for reduced syngas

generation cost would appear to lie with the ap

plication ofATR proposed for Qatar and Nigeria.

However, while large-scale ATR may in some

sense be considered a commercial technology

breakthrough, it is likely that many economic

analyses of GTL already have taken credit for

its assumed benefits. If so, the cost reduction

potential of ATR already has been discounted,

and further reductions in syngas generation cost

via ATR already may be confined to less dra

matic, evolutionary improvements in the tech

nology, particularly because additional econo-

mies-of-scale appear to be limited. The

20,000-barrel per day Qatar and Nigeria projects

are each proceeding on the basis of two

10,000-barrel per day trains. Haldor Topsoe,
Lurgi and others have variously pegged the

largest ATR reactor size as that consistent with

producing 5,000 to 10,000 barrels per day
methanol equivalent in syngas terms to about

13,000 to 26,000 barrels per day of F-T liquids.

Accordingly, further dramatic cost reductions

may require the application of still newer re

forming technologies. One such development

to watch, says Simbeck is Exxon's oxidation-

blown, fluidized-bed ATR, which could offer in

creased potential for economies-of-scale.

TECHNOLOGY

METHANE HYDRATES COULD BE THE FUEL

OF THE FUTURE

Gas hydrates are crystalline solids that form

from mixtures of water and light natural gases

such as methane, carbon dioxide, ethane, pro

pane and butane. From an energy resource

point of view, the enormous amounts of meth

ane hydrate under the ocean and beneath arctic

permafrost represent an estimated 53 percent

of all fossil fuel (coal, oil, natural gas) reserves

on earth, about 10,000 gigatons.

S.-Y. Lee and G. Holder of the University of

Pittsburgh, discussed their potential as an en-
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ergy resource and their role in global warming at

the
219th

American Chemical Society National

Meeting held in San Francisco, California, in

March.

Gas hydrates have the general formula

M(H20)p, where one or more hydrate-forming
molecules M called

"guest"

are associated with

p
"host"

water molecules. The guest gas mole

cules are physically encaged in interstices or

cavities in the lattice structure formed by the

water molecules that are held by hydrogen

bonds. There are three different kinds of gas

hydrate structures. One unit volume of meth

ane hydrates can contain over 160 volumes of

gas and less than one unit of water at standard

conditions.

Methane from hydrates (or other sources) pro

duces only half as much carbon dioxide as coal

per unit of combustion products. Therefore, the

utilization of the methane contained in natural

gas hydrates would not only ensure the ade

quacy ofworld energy resources, but would also

mitigate global climate change.

The Recovery ofGas From Hydrated

Reservoirs

Solid hydrates probably need to be dissociated

for gas recovery from hydrates. The dissociated

gas can then be transported in the same man

ner as conventional natural gas. Dissociation of

gas hydrates can be accomplished in three

ways:

Thermal injection

Pressure reduction

Slurry mining

When heat is added at constant pressure, the

system temperature can rise up to the dissocia

tion temperature. At the dissociation tempera

ture, all heat that is added is spent on hydrate

dissociation. The energy required to dissociate

hydrate ranges from 50 kilojoules per mole (for

methane) to 130 kilojoules per mole (for pro

pane). The problem with this method is the heat

lost to reservoir rock and water. Without heat

loss the injected energy is about 10 percent of

the recovered energy. With heat loss the in

jected energy may exceed the heating value of

the gas. This method is also expensive and has

to simultaneously move hot fluid downward and

gas upward.

Depressurization operates by lowering the pres

sure in an adjacent gas reservoir. When the

pressure reaches the dissociation pressure, gas

hydrates at the interface convert to gas and

water. This technique has been used in the

Messoyhaka gas field in the Western Siberia

hydrocarbon province. The last method, slurry

mining, has not been studied yet but is sugges

tive of grinding up the ocean bottom to recover

a slurry of solid hydrates which are likely to dis

sociate in the riser. Depressurization and hot

water injection seem to be the most promising

techniques for further evaluation because of

lower heat loses compared to steam injection.

A complication of producing gas from hydrate is

the possible formation of gas hydrates in the

transportation lines. There are four thermody
namic ways to prevent hydrate formation:

Remove the water (it can lower the dew

point)

Keep the system temperature higher

than hydrate formation temperature

Keep the system pressure lower than

hydrate formation pressure

Use inhibitors

These methods are used individually or jointly in

production operations today.

Recently, research involving replacement of

naturally occurring methane hydrates with car

bon dioxide hydrates has been carried out.

Methane gas hydrates need higher pressure to

be stabilized compared to carbon dioxide gas

hydrates. Over a certain pressure, methane gas

hydrate is unstable, while carbon dioxide gas

hydrate is stable. However, complex phase be

haviors are likely to make this process difficult.
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ENVIRONMENT

HEI ISSUES REPORT ON EFFECTS OF

PRENATAL EXPOSURE TO METHANOL

A newly issued Health Effects Institute (HEI)
research report, Reproductive and Offspring
Developmental Effects Following Maternal In

halation Exposure to Methanol in Non-Human

Primates by Dr. T. Burbacher and colleagues at

the University ofWashington, presents compre

hensive data on methanol pharmacokinetics and

toxicity in non-human primates (monkeys). The

study was a key element in HEI's methanol re

search program, which had its origins in the ef

forts by government, industry and other groups

in the late 1980s to develop alternative fuels. At

that time, methanol was a leading candidate to

substitute for gasoline or diesel fuels. More re

cently, methanol has emerged as a promising

energy source to provide the hydrogen to power

fuel cells. Although substituting methanol for

petroleum-based fuels would reduce the levels

of some air pollutants, its expanded use could

increase exposures of the general population to

methanol through ingestion of contaminated

drinking water, inhalation of methanol vapors

and skin contact.

Burbacher and colleagues exposed adult female

monkeys to methanol vapors (0, 200, 600 or

1,800 parts per million) for 2 hours a day, 7 days

a week. The animalswere exposed to methanol

before breeding, during breeding and during
pregnancy. Because high doses of methanol

damage the central nervous system, the infants

were examined during the first 9 months of life

to assess their growth and neurobehavioral de

velopment.

Burbacher found that exposure to methanol, at

the concentrations used in this study, did not

affect the health of the adult animals prior to or

during pregnancy. There also was no apparent

effect of methanol on most measures of repro

ductive performance. Despite an increase in

blood methanol concentrations, formate con

centrations remained at baseline levels for all

exposure groups. Thus, there was no accumu

lation of the toxic intermediate. Prenatal expo

sures to 200 or 600 ppm methanol did not ad

versely affect infant birth weight, growth or

physical development. The most concerning

finding was the severe wasting that occurred

after 1 year of age in two offspring in the

1 ,800 ppm exposure group.

Overall, there was no robust effect of prenatal

methanol exposure on most measures of infant

neurobehavioral development. After extensive

analysis, the researchers did identify two more

subtle effects in some exposed monkeys.

Given the small number of animals in these

analyses and the absence of a dose-response,

the HEI Review Committee noted that an im

proved understanding of methanol neurobe

havioral toxicity will result from evaluation at

later stages of development when more sophis

ticated tests of cognitive performance can be

conducted and when latent effects may emerge.
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