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GENERAL

ENERGY POLICY & FORECASTS

O'LEARY SAYS U.S. HEADED FOR ENERGY

CRISIS

In mid-January United States Department of

Energy (DOE) Secretary, H. O'Leary held a

teleconference to offer comments on a survey

regarding the United States energy policy. The

survey, which was commissioned by the Sus

tainable Energy Budget Coalition, polled

1 ,000 registered voters on their attitudes toward

energy efficiency and renewable energy.

Most respondents said they support federal fund

ing for renewable energy and energy conserva

tion. About 75 percent of those polled agreed

with the current administration's efforts to limit oil

imports, and 75 percent also believe that oil,

gasoline and coal pose a serious threat to the

environment. Only 8.6 percent favor funding for

oil, coal and nuclear programs.

Almost 70 percent of respondents objected to

opening the Arctic National Wildlife Refuge to oil

and gas drilling as a way to keep oil imports in

check.

O'Leary agreed with these concerns, noting that

the Energy Information Administration projects

flattening oil prices, which puts more pressure on

consumption. Consequently she sees "an im

minent crisis and something we had better take

heed
of."

The increased oil consumption combined with

"any sort of interruption in the Persian Gulf, and

interruption of supply in Russia, could lead to the

kind of temporary supply disruptions that would

really cause prices to
spike,"

she explained.

To avert an energy crisis, the Secretary proposed

increased funding for developing and deploying

technology for renewables and energy efficiency,

by reducing funding for "unnecessary and no

longer needed national security
programs"

and

for "high-tech, almost exotic nuclear
programs."

She also promotes the idea of impressing on the

public the need for continuing support of energy

efficiency and renewables.

####

ECONOMICS

In response to the survey results, and in light of

Congressional proposals to slash alternative

energy funding, O'Leary said, "A majority of the

Congress of the United States of America is to

tally out of sync with the voting public on matters

involving energy efficiency and renewables-they

seemingly don't get
it."

She also noted that

"60 percent of the voters polled in this survey indi

cate they would consider the energy records of

Congressional candidates as an important factor

in their voting
decisions."

According to O'Leary, sustainable energy is im

portant to the future of America, especially in

light of increasing imports of petroleum.

Voters polled in the survey expressed concerns

about an energy crisis in the next 10 years.

ENVIROPOWER SEES HIGH POTENTIAL FOR

BIOMASS IGCC

Tampella Power, a leading boiler manufacturer in

Finland, and Vattenfall, a major Swedish utility,

have joined together to develop a biomass-fueled
Integrated Gasification Combined-Cycle (IGCC)
system. This system is based on Enviropower's

(a joint venture of Tampella Power and

Vattenfall AB) simplified IGCC process which ap
plies the gasification technology originally
developed by the Institute of Gas Technology
(IGT) and an advanced hot gas cleanup system.

Enviropower's A. Horvath et al. summarized

biomass IGCC demonstration projects at the Con

ference on New Power Generation Technology
held in San Francisco, California, last October.
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Biomass-Based IGCC Process Description

Enviropower's biomass-based IGCC concept is

shown in Figure 1 .

The gasification plant includes fuel handling,
drying, feeding, gasification and gas cleanup.

The fuel handling process is a conventional

process including storage, conveying, chipping
and sieving equipment specifically designed for

the different biomass fuel types.

The biomass fuel is dried to 15 to 20 percent

moisture and then fed by screw feeder into the

gasifier reactor. The gasifier system is a pres

surized fluidized-bed gasifier developed by En-

viropower for biomass gasification utilizing IGT's

U-Gas and Renugas experiences. The gasifica

tion medium is air and a small amount of steam.

The product gas is a typical low-calorific gas of 4

to 6 Megajoules per cubic meter (MJ/m ) lower

heating value. It contains combustible gas com

ponents like carbon monoxide (12 to 20 percent

volume), hydrogen (9 to 12 percent volume) and

methane (5 to 10 percent volume) and inert gas

components (nitrogen, carbon dioxide and water

vapor). The product gas impurities are ammonia

(500 to 3,000 parts per million volume depending
on fuel and operating conditions), a small

amount of sulfuric gases, light tars and vapor

phase alkalines as well as dust particles.

FIGURE 1
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The product gas exiting the gasifier cyclone is

cooled from freeboard temperature to 450 to

550C in a fire tube type gas cooler. The gas

cooler generates saturated steam. The dust in

the cooled product gas is removed in a filter unit.

The clean product gas is fed to the gas turbine.

The gas turbine is a commercial turbine which is

modified for low heating value gas combustion

and IGCC application. The combustion chamber

of the gas turbine is also modified for low am

monia to NO conversion. About 10 percent of

the total air flow is extracted after the last stage

of the compressor and used as gasification

agent. The extracted air is returned to the com

bustion chamber as a part of product gas.

The steam cycle of the IGCC plant is similar to

the steam cycle of conventional combined-cycle

plants including Heat Recovery Steam Generator

(HRSG), steam turbine, and condensate and feed

water system.

Process Performance

The IGCC technology competes with conven

tional power generating systems. The main

strength of the IGCC process is its high ef

ficiency. The size of the IGCC plant is deter

mined by the gas turbine size and the efficiency

of the overall process depends mainly on the ef

ficiency of the gas turbine. Net efficiencies from

42 to 49 percent have been achieved in gas tur

bine tests.

Application surveys show that the biomass-fueled

IGCC process fits best with combined heat and

power (chp) applications (industrial processes or

district heating) due to plant size and fuel

availability. In the chp applications the biomass

IGCC has the significant advantage of high

power to heat ratio (typical power to heat ratio is

about 1).

The environmental performance of the biomass

IGCC process is also competitive. The low-ash,

low-sulfur biomass fuel yields emissions as fol

lows:

- Sulfur dioxides, <50 milligrams/MJ

(mg/MJ)

- Nitrogen oxides, <50 mg/MJ

- Particulate, <5 mg/MJ

- Carbon dioxide, <780 grams

C02/kiiowatt-hour

Feasibility of Power Production from

Biomass

The economic feasibility of power production

from biomass was evaluated for Finnish condi

tions, where biomass and electricity prices are

low. Powerplant sizes up to 80 megawatts were

investigated. Larger powerplants are not realistic

due to the limited availability of biomass and the

limitations on fuel supply logistics and related

fuel price.

The specific investment cost of the biomass

IGCC powerplant is greater than that of a Conven

tional Fluidized-Bed Combustion (FBC) power

generation process at all plant sites evaluated.

However, the investment cost of an IGCC plant

declines much more rapidly than that of a conven

tional plant when the powerplant size is in

creased.

Figure 2 shows the Cost of Electricity (COE)
produced in a biomass IGCC powerplant and in a

conventional biomass FBC powerplant, consider

ing both as a condensing powerplant. The price

of biomass fuel (forestry wood waste) was as

sumed to be $2.6 per million BTU. COEs of the

IGCC plants decrease more rapidly compared to

the conventional powerplant when the plant size

increases. The COE of the first-of-a-kind IGCC

powerplant will be equal to the COE of a

fluidized-bed conventional powerplant at about

35-megawatt plant size. The author concludes
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FIGURE 2

COST OF ELECTRICITY,

CONDENSING POWERPLANTS

Cost of Electricity

80

I

5 60

50

40

v 1

^^"""
_^ 'HM

20 40 60 80

Power Plant Size, MW

100

? IGCC-Power Plant

Conventional PowerPlant

SOURCE: HORVATH

that the size of the biomass-fueled IGCC plants

should be between 35 and 80 megawatts.

The COE and steam generation for industrial ap

plications was also evaluated. In these applica

tions the back pressure heat supply is the main

requirement. Typical process conditions of a

paper mill with thermomechanical pulp produc

tion were considered assuming load control with

a condensing steam turbine. The same heat

price was assumed for both generating tech

nologies.

The IGCC powerplant is more feasible at a heat

demand over 20 MJ per second and it produces

more than twice as much electricity as a con

ventional FBC based powerplant, says Hor-

vath.

Potential of Biomass IGCC Power

Production

In the short term the largest potential for biomass

IGCC applications seems to be in countries

where biomass waste is generated by large in

dustrial units using biomass as raw material. The

two major industries are the pulp and paper in

dustry, with the related forestry producing wood

waste, and the sugar industry producing

bagasse.

The investigation concluded that about

10 percent ofthe national biomass potential of dif

ferent countries could be used as fuel for

biomass IGCC powerplants in the size range of

30 to 80 megawatts. The estimated short-term

biomass IGCC potential by 2010 and the poten

tial areas of applications are presented in

Figure 3.

IGCC Demonstration Projects

The Summa IGCC demonstration project will be

implemented in the Summa Paper Mill of Enso

Gutzeit Oy, one of the biggest paper producers

in Finland. The $100 million project is subsidized

by the Finnish state. The project is in the en

gineering phase which includes design work as

well as pilot plant testing. The final decision on

project realization was to take place at the end of

1995, the construction work will start at the end

of 1996 and commissioning at the end of 1998.

The biomass-fueled IGCC plant will repower the

existing powerplant of the paper mill, producing
more than 50 megawatts electricity.

The plant is based on 100 percent biomass fuel

utilizing wood waste from paper mills and

forestry in the surrounding areas.

The IGCC plant will replace the existing bark and

sludge-fired FBC boiler. The existing steam tur
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FIGURE 3

ESTIMATED BIOMASS

IGCC POTENTIALS BY 2010
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bines and water/steam cycle will remain in use.

The plant was designed based on General

Electric's F6B gas turbine because with this gas

turbine type the steam demand of the paper mill

can be satisfied and it can be easily adjusted to

the existing plant.

Demonstration Project Pilot Test Program

Pilot plant tests were executed during the spring
of 1995 with project-specific fuels, including

mainly bark and sludge. The test program con

sisted of three separate test runs. The main ob

jectives of the test runs were to demonstrate the

ability of the gasifier process and hot gas

cleanup system for gasification of project-

specific fuels and to provide firm technical basis

for the engineering of the demonstration project.

During the test runs, more than 5,000 cubic

meters (as received) biomass fuel was gasified

within 360 hours of steady-state continuous

gasification process operation.

Between 97 and 99 percent carbon conversion

was obtained depending on fuel quality and pilot

plant operating conditions. The moisture content

of the as fed fuel was adjusted to keep the Lower

Heating Value (LHV) of the wet product gas at

the level required by a gas turbine. Average LHV

value of 4.2
MJ/m3

was obtained at about

30 percent fuel moisture content. The contribu

tion of tars to the LHV of the product gas was

negligible.

The ammonia and HCN concentrations in the

product gas depend mainly on the nitrogen con

tent of the feedstock. The conversion of the fuel

bound nitrogen to ammonia was in the range of

55 to 72 percent depending on fuel type. The

HCN concentration was below 30 ppmv in all

cases. Levels of sulfur, HCI, alkalines, dust and

tars were all below limits set by environmental

regulations and/or gas turbine manufacturers.

Other Projects

Enviropower participates in other biomass IGCC

projects as well. The Biocycle Project is an

EU Thermie Program subsidized project to

demonstrate biomass IGCC for small

chp applications. The project will be imple

mented in Denmark in cooperation with the

Danish utilities Elsam and Elkraft. The plant is

designed to generate 8 megawatts power and

8 MJ per second district heat, applying pres

surized fluidized-bed gasification and hot gas

cleanup for fuel gas production, with gas turbine

and steam turbine for electrical power genera

tion. The project is in the basic engineering

phase including pilot plant testing. Three gasifica
tion test runs are planned at Enviropower's pilot

plant. The first test run was executed in the

summer 1995 using willow of Swedish origin.

The IGCC plant will start up at the end of 1997.

####

TECHNOLOGY

COGASIFICATION UPGRADES MARGINAL

DOMESTIC FUELS

A. Green et al. of the University of Florida, Gaines
ville, Florida, discussed how cogasification of

domestic fuels could serve as a near-term clean
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combustion technology at the 1995 International

Joint Power Generation Conference held in Min

neapolis, Minnesota, last October.

Coal-natural gas, coal-biomass, biomass-natural

gas, and coal-municipal solid waste are among

the promising domestic combinations inves

tigated by Green et al.

Cogasification

Cogasification, the gasification of two or more

feedstocks in a single gasifier, is an extension of

cocombustion. It provides opportunities to

achieve higher heating values of the product gas,
lower pollutant and toxic emissions, extension of

premium fuels resources, feedstock flexibility,
and the disposal of waste materials. The main

concept is to use methane, the principal com

ponent of natural gas, to provide the hydrogen to

gasify carbonaceous solids-low or negative cost

domestic feedstocks such as coal, biomass,
Municipal Solid Waste (MSW) and MedicalWaste

(MeW).

This approach requires less conversion energy

and fewer process steps and hence should

simplify and lower the capital and operating

costs of the gasifier.

Cogasification With Natural Gas

To illustrate the benefit of cogasification, the

authors presented hypothetical cogasifier reac

tions in which a low value solid hydrocarbon is

transformed with methane into a compound

product that splits into the gaseous hydrocar

bons ethylene and acetylene.

The coal is assumed to have a heating value of

14,000 BTU per pound and has a cost ( or value)
of $30 per ton (=$0,015 per pound). Natural gas

has a heating value of 22 BTU per pound and an

energy cost of $2.5 per million BTU.

According to Green et al., assuming a thermal ef

ficiency of 0.75, the added value of conversion of

1 mole of coal with 1 mole of natural gas is $0.97.

Alternatively, a product worth $2.70 is obtained

with inputs of $1.73. Normalizing the total inputs

to 1 plus 1, an economic synergy of 1 + 1 =3.12

is achieved.

At a thermal efficiency 0.5, the added value then

would be $0.83 corresponding to an economic

synergy of 1 + 1 = 2.89.

For hydrocarbon solids with heating values like

12,000 BTU per pound and costs like $30 per

ton, the added value divided by the input costs

range from 0.5 to 0.7 so that 1 + 1 adds to num

bers from 2.7 to 3.5.

Other Cogasification Combinations

Cogasification of many solid fuels with natural

gas, if available, may be the most expeditious

way of upgrading a fuel to a form suitable for

combustion turbine applications. However, there

are several other favorable feedstock combina

tions. Of particular note are the waste categories

MSW, trees and MeW, because their costs are

negative (i.e., the waste processor gets a tipping
fee). These wastes could be cogasrfied with

coal.

Orimulsion and crude oil with high heating values

could be co-fed with tires, MSW and other nega

tive cost feedstocks if natural gas is not available.

Biomass can also be used as a cogasifier

feedstock.

Past work on biomass gasification indicates that

the gaseous fuel generated from biomass is mar

ginal for application to combined-cycle systems.

However, current integrated gasifier combined-

cycle systems incorporate advanced hot gas

clean up systems that protect the combustion tur

bine and reduce particulate and gaseous pol

lutants and toxic emissions from the combustion

turbine. The input of natural gas to the gasifier

can considerably enhance the product gases

going to the combustion turbine.

A major advantage of a cogasifier combustion tur

bine system is the inherent fuel flexibility afforded
should biomass be in short supply. A tire pile,
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chipped polyolefin plastics, or crude oil tank

could serve on standby in the event natural gas is

also unavailable.

CCTL Cogasification Test Plan

The experiments to be carried out at the Clean

Combustion Technology Laboratory (CCTL) at

the University of Florida include the gasification

of biomass, coal, tire chips, and combinations of

each with and without natural gas injection. The

CCTL team will also seek catalysts to promote

the most rapid conversion of the pyrolysis

products.

To guide experimental studies, Green et al. have

undertaken theoretical analyses of cogasification

processes for coal and biomass as the solid

feedstock.

According to the authors, introducing natural gas

into the system induces simple carbonization or

hydrogenation reactions, allowing all carbon

atoms to serve as combustion turbine fuel.

deoxygenate H20 and C02. All products would

then be combustion turbine usable fuels.

While the proposed cogasification concept

focuses on combustion turbine applications,

methanol and ethylene production could provide

valuable byproducts during off-load hours of the

combustion turbine.

In the absence of low cost natural gas, biomass

could be used to achieve a richer hydrogen to

carbon ratio in a coal gasifier. The more reactive

biomass would additionally enhance the coal con

version process by augmenting the OH and other

free radicals in the cogasifying brew. In some

geographic areas, biomass-coal gasification

might also alleviate the water supply problems of

conventional steam-coal gasification systems.

By using a combination of local biomass and

coal resources, a region might maintain an effi

cient electrical generation system based entirely

on local fuels.

####

The loss in value of methane as a combustion tur

bine fuel is overwhelmed by the large gain in

value by the conversion of carbon to acetylene or

ethylene. The coal has, in effect, been upgraded

from $30 per ton boiler fuel to $100 per ton com

bustion turbine fuel. In standby use of the

cogasifier for ethylene production, the value of

both feedstocks is upgraded to the $500 per ton

level. Thus off-load use of the cogasifier for

chemical production may be the key to high

profitability, note the authors.

The molecular model of biomass pyrolysis allows

for the much larger hydrogen and oxygen con

tents in biomass and structural differences be

tween biomass and coal. The biomass molecule

is assumed to first dissociate into three
"active"

bicellulose molecules.

Water, carbon monoxide and carbon dioxide are

products of biomass pyrolysis, and phenol and

methanol might be formed in place of benzene

and methane. The addition of methane might

IGT ENDS FUEL CELL ENDURANCE TEST

AFTER TWO YEARS

In January the Institute of Gas Technology (IGT)
announced the end of an endurance test of a Mol

ten Carbonate Fuel Cell at its Energy Develop
ment Center in Chicago, Illinois. At the time the

test was concluded, the fuel cell had achieved

2 years (more than 16,800 hours) of operation at

a full load of 160 milliamps per square cen

timeter.

During the testing period, the single cell genera

ted more than 200 kilowatt-hours of power. The

average power decay was only 1 percent, or

about 5 millivolts per 1 ,000 hours. However, IGT

noted that after 6,000 hours of operation, the cell

was shut down, stored for over a month, and

then restarted. If the loss of performance due to

the test disruption is discounted, the cell decay
was only 0.5 percent or about 2 millivolts per

1,000 hours, which satisfies the goal required for
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commercial operation. Moreover, after the cell

was restarted it quickly achieved the same excel

lent stability it had maintained before the shut

down.

The test was conducted under a United States

Department of Energy subcontract from

M-C Power Corporation, a majority-owned sub

sidiary of IGT.

####

PAST COAL RESEARCH SHOWS THE WAY

FOR POWER GENERATION FROM WASTES

Since 1983 the Energy and Environmental

Research Center (EERC) at the University of

North Dakota has expanded its coal research

programs to alternative fuels including forest,

agriculture residues and other biomass;

Municipal Solid Wastes (MSW), including
sewage; automotive shredder residues; plastics;

and others. EERC's emerging waste conversion

technologies and the power generation oppor

tunities they provide were discussed by
C. Anderson et al. of the EERC at the 1995 Inter

national Joint Power Generation Conference held

in Minneapolis, Minnesota, last October.

Power generation opportunities for three EERC

waste conversion technologies were discussed:

hydrothermal treatment, pyrolysis, and gasifica

tion.

Using MSW as an example, Figure 1 depicts the

interaction between the differing technologies

and how together they provide a broad range of

opportunities for dealing with solid waste

materials.

Hydrothermal Treatment

Hydrothermal treatment is a liquid-phase car

bonization process carried out in the absence of

air that converts high-moisture organic solids into

pumpable and easily handled high-energy slurry

fuels.

FMURE1
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While solid wastes are variable and

heterogeneous, the carbonized slurry produced

by the pretreatment step is a high-quality,

homogeneous fuel. Thb pumpable slurry has the

advantages of being easily transported and in

jected into utilization at a constant level. The

homogeneity of the slurry fuel also promotes

more consistent emissions during combustion,

an important factor for the much regulated

waste-to-energy industry The process also has

the potential to remove heavy metals that lead to

the formation of hazardous air pollutants and

soluble cations such as sodium and chloride.

This technology has been applied to biomass

and a variety of other waste materials. The

quality of the fuels produced is depicted in

Figure 2, which competes the heating value of

slurries prepared from the raw feedstock versus

the hydrothermally treated product.

Refuse-Derived Fuel (RDF), lignite and RDF-

lignite slurries burned si a pressurized fluidized-

bed combustor combueted well, with combustion

efficiencies exceeding 09 percent. Sulfur dioxide

emissions were significantly lower for the RDF-

based fuels [0.10 pound per million BTU

Qb/MMBTU)] than far the lignite slurry alone
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FIGURE 2

ENERGY DENSITY OF RAW AND

HYDROTHERMALLY TREATED

SLURRIES
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?Carborfead Slurry
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Sludge Sivedder

Residue

SOURCE: ANDERSON, ET AL.
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(0.62 Ib/MMBTU). The nitrogen oxide emissions

were slightly lower for the RDF-based fuels

(0.18 Ib/MMBTU) than those from the lignite fuel

(0.24 Ib/MMBTU) because of the lower amount

of fuel-bound nitrogen for the RDF fuel.

The slurry product from RDF processing was

also fired in a 550,000-BTU per hour pulverized

coal-fired furnace at the EERC. Results from

these tests demonstrated a high combustion ef

ficiency (greater than 99 percent), with a resul

tant ash that met all of the current Resource Con

servation and RecoveryAct (RCRA) limits for safe

disposal of the ash. Sampling of the flue gas

showed that emissions of mercury were well

below the current and proposed federal New

Source Performance Standards. These tests

have provided the confidence that a high-quality
slurried fuel can be prepared from MSW.

Hydrothermally treated low-rank coal-water

slurried fuels prepared at the EERCwere used for

testing in General Electric Transportation

System's 7FDL two-cylinder diesel engine and by
General Motors Allison Gas Turbine Division in its

full-scale 70-MMBTU per hour rich-quench-lean-

gas turbine combustor. It is anticipated that

slurry fuels made from highly reactive materials

like sewage sludge, MSW, and pulp and paper

residues will mimic the excellent performance of

the low-rank coals in these advanced systems.

Pyrolysis/Thermal Decomposition

Pyrolysis is carried out at a higher temperature

than hydrothermal treatment, and the end

product can vary from a high-value char, to li

quids of various quality, to tars and oils, and

finally, to a low- to medium-BTU gas. Thermal

decomposition is a special case of pyrolysis,

where the goal is to recycle the feed material

back into its original raw materials or other

similar chemical feedstocks. Thermal decomposi

tion offers the opportunity to recycle waste

material, rather than using pyrolysis to produce a

fuel that is subsequently burned.

The EERC, through funding from the American

Plastics Council, has examined the thermal

decomposition characteristics of several plastics

representative of the materials typically found in

postconsumer streams.

The conditions used for the pyrolysis and thermal

decomposition of waste materials and the

original feedstock will dictate the end product.

These products can be generally divided into two

categories: chemical feedstocks and fuels. Fuel

production is the most applicable to the power

industry. Liquid fuels ranging in quality from

No. 2 diesel fuel to JP-4 can be produced. The

gaseous fuel produced could be utilized in gas-

fired engines or turbines.

Gasification

Gasification is the most severe of the three con

version technologies presented. The products

from gasification include carbon monoxide, car

bon dioxide, hydrogen, methane, trace amounts
of higher hydrocarbons such as ethane and

ethene, water, nitrogen, and various con

taminants such as small char products, oils, tars

and ash. The quantities of each can be some-
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what controlled by the mode of gasification util

ized, including air- or oxygen-blown and direct or
indirect heating.

New technologies in gasification and pollution

control are allowing the use of waste materials to

produce liquid and gaseous fuels, electricity,

steam and/or hot water, and mechanical energy.

Biomass has long been recognized as a potential
feedstock for gasification, but other waste

materials such as ebonite (a hard rubber material

used in car battery cases) automotive shredder

residue and postconsumer plastics are also

potential feedstocks, say Anderson et al.

The potential for biomass energy to be economi

cal lies in either processing low-cost wastes or

relying on some sort of fiscal incentive, even at

relatively large scales of operation with highly effi

cient processes. The main conclusions are that

wood handling, storage, drying, comminution

and screening are well established and present

no uncertainties in operation and performance.

The technology of biomass gasifiers is sufficiently
advanced to justify a substantial demonstration

plant to prove the total integrated gasification

combined-cycle concept and obtain reliable per

formance data. There are still areas of uncer

tainty, but these are relatively minor and will not

be resolved until and unless a large integrated

plant is built.

Conclusions

Much of the conceptualization, planning and ap

plication of the technologies reviewed is

facilitated by the massive previous efforts with

coal. Further demonstration of practical

feasibility will require more extensive pilot-scale

demonstration and some component develop

ment, which will benefit from the parallel work

completed with coal.

According to Anderson et al. the promising

results obtained to date indicate that there are

many alternatives for utilizing wastes for power

generation. Hydrothermal treatment

homogenizes the fuel and the resulting
high-

energy-density fuel has applications in virtually all

power-generating systems.

Pyrolysis can be utilized to create a variety of

fuels-solid, liquid and gaseous-for various

power generation options. Additionally, value-

added chemicals can be produced to help im

prove the economics of the process.

Gasification can be used to process a wide

variety of feedstocks and prepare a fuel suitable

for diesel and gas engines, gas turbines, conven

tional boilers and fuel cells.

Peptization has also been demonstrated as an

effective method of dealing with some of the

problems with alternative fuels related to fuel han

dling and variability.

####

COPROCESSING COAL AND MSWYIELDS

UQUID FUEL AND HYDROGEN

The technical and economic feasibility of a new

process for coliquefying coal and plastic wastes

was discussed by A. Warren and M. El-Halwagi

of Auburn University at the American Institute of

Chemical Engineers 1995 Annual Meeting held in

Miami Beach, Florida, last November.

Coal liquefaction produces a liquid fraction which

can be upgraded to yield transportation fuels

(e.g., jet fuel, gasoline, diesel fuel, etc.).

However, at present the liquefaction of coal alone

is not economically feasible. Coprocessing coal

with waste materials (e.g., tires, plastics, cel-

lulosic material, waste oil, etc.) provides a raw

material that increases production capacity and

can improve the process economics, as well as

disposing of solid wastes, which might otherwise

be landfilled.

Based on lab-scale research, the conversion of

coal and plastic waste into liquid fuel occurs at a

relatively high temperature (400 to 450C) and

moderate to high hydrogen pressure (800 to
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2,000 psi). Coal/plastic mixtures attain conver

sions and oil yields ranging from 53 to 93 percent

and 26 to 83 percent, respectively.

Process Conceptualization

Two conceptualized process flow diagrams have

been developed to coliquefy coal with waste plas

tics (Figures 1 and 2). In Process Configuration

I, hydrogen is generated from coal gasification.

In Process Configuration II, hydrogen is genera

ted from cellulosic-waste gasification.

The first step in the process is to separate the

Municipal Solid Waste (MSW). The waste plas

tics are sent to a shredder which chips the plas

tics into processibie pieces. Coal is first crushed

then distributed to the slurry mixer (and to

hydrogen generation in Process Configuration I).

In Process Configuration II, the cellulosic waste is

fed to the gasification system for hydrogen gener

ation. The waste plastics and crushed coal are

mixed with a recycled solvent to form a slurry.

This slurry mixture is fed to a preheater, then for

warded to an adiabatically operated reactor

which yields vapor, liquid and solid products.

The vapor, leaving the reactor at 800F and

2,200 psi, is first relinquished of hydrogen which

is recycled back to the reactor after being mixed

with the fresh hydrogen feed. The remainder of

the stream is then separated into vapor and liquid

FIGURE 1

COGENERATION PLANT HYDROGEN FROM COLIQUEFACTION
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FIGURE 2

COGENERATION PLANTHYDROGEN FROM CELLULOSIC WASTE
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products by utilizing a flash column. The gas

leaving this flash column is sent to an acid gas

removal system. The remaining gas consists of

light petroleum fuel gases. The hydrogen sulfide

removed is processed in a Claus unit to yield

elemental sulfur.

The slurry leaving the reactor is first flashed in the

gas oil column. The column yields a vapor

product which is hydrotreated and distilled to

yield light, middle and heavy distillates. The bot

tom product leaving the column includes heavy

hydrocarbons along with the unreacted coal and

ash. A hydrocyclone is employed to process the

bottoms from the gas oil flash column. The

product leaving the top of the hydrocyclone con

tains the heavy boiling point fraction (>650F),

which is recycled to the slurry mixer as a

hydrogen solvent donor. Additional liquid from

the fraction is removed using the Wilsonville

evolved Residuum Oil Supercritical Extraction-

Solid Rejection (ROSE-SR) unit. The recovered

liquid is combined with the recycled solvent and

this mixture is returned to the slurry mixer. The

solid effluent from the ROSE-SR unit, along with

some fresh coal, is then used to generate

hydrogen needed for processing. A useful fuel

gas is also produced in the hydrogen generation

process.

Based on these conceptual process flowsheets,

material and energy balances were conducted.

In addition, a plant-wide simulation was com

pleted using ASPEN Plus software. Optimization

of some units/systems was carried out to mini

mize capital and operating costs.

Economic Analysis for Process

Configuration I

The economic assessments are based on coli-

quefying 30,000 kilograms per hour of coal with

an equal mass flow rate of plasticwaste.

At '70 percent conversion and 90 percent yield,

the total purchased equipment cost is
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$76.6 million. The liquefaction system (reactor,

ebullating pumps, etc.), accounting for

$42 million (55 percent of the total purchased

equipment cost), is the dominant contributor to

this cost. This is due to the specialized design of

the ebullated-bed liquefaction system needed for

this type of conversion. From this purchased

equipment cost, the fixed and total capital invest

ments were estimated to be $373 million and

$439 million, respectively.

The main contributors to operational cost are the

cost of shredding plastic waste and the cost of

raw material and catalyst needed for liquefaction

and hydrogen production. The cost of shredding

is $5.3 million per year. The annual cost of coal

is estimated at $9.9 million per year. The es

timated cost of catalyst for this facility is

$6.7 million per annum. The total annual operat

ing cost, excluding depreciation, is $21 .9 million

per year. By using a 10-year straight-line

depreciation scheme, one obtains an annual total

production cost of $59.2 million per year.

At 90 percent yield and 70 percent conversion,

60,000 kilograms per hour of oil and gaseous

products is produced. The average value of oil

was assumed to be $0.68 per gallon, which trans

lates into $78.8 million per annum. Revenue can

also be gained via tipping fees charged for all

plastic waste processed at this facility. At a tip

ping fee of $0.02 per kilogram, the annual

revenue generated from processing waste

material is $5.3 million. This leads to a total an

nual revenue of $84 million for the entire plant.

On the other hand, if post-consumer plastic

material has to be purchased from a vendor, the

waste material processed will decrease the an

nual revenue generated (or increase the cost of

raw material). At a negative tipping fee of

-$0.06 per kilogram, the annual cost of process

ing plastic waste material is $15.8 million. The to

tal annual revenue for this scenario is $63 million.

Return On Investment (ROI) and gross profit

were calculated for several scenarios which in

clude a range of 70 to 90 percent for yield, 15 to

90 percent for conversion, and -$0.06 to

$0.02 per kilogram for tipping fee. As conversion

increases, profitability also increases. For ex

ample, at 70 percent conversion, 90 percent

yield, and a tipping fee of $0.02 per kilogram, the

gross profit is about $25 million. The ROI is ap

proximately 5.7 percent. The most profitable

scenario assessed in this case-study exists at

90 percent conversion, 90 percent yield, and a

$0.02 per kilogram tipping fee. For this case, the

annual gross profit and ROI are approximately

$30 million and 7.8 percent, respectively.

Economic Analysis for Process

Configuration II

The use of cellulosic waste in the gasifier as a

source of hydrogen (Process Configuration II)
has several advantages and disadvantages com

pared to the use of coal as a source of hydrogen

(Process Configuration I). Conversion of cel

lulosic waste in the gasifier is typically less than

that of coal. Additional cost must be incurred for

sorting the cellulosic waste. This sorting cost

adds about $3.00 per ton to the operating ex

penses of the facility.

On the other hand, the use of cellulosic waste in

the gasifier has several economic merits. Com

pared to gasifying coal, two costs are avoided:

cost of coal needed for the gasifier and cost of

landfilling the cellulosic waste. Based on coli-

quefying 30,000 kilograms per hour of coal with

an equal mass flow rate of plastic waste, and at

70 percent conversion and 90 percent yield, the

fixed capital investment for the plant is estimated

to be $480 million. In this case, the liquefaction

system is still the dominant contributor to the

capital cost. The annual production cost is es

timated to be $107 million per year. While the

fixed and operating costs for Configuration II are

higher than those for Configuration I, the addi

tional expenses are accompanied by an increase

in the gross revenue. A profitability analysis

study indicates that Process Configuration II of

fers similar returns on investment to those

described in the foregoing section for Process

Configuration I.

####
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ENVIRONMENT

EARLY CAP ON CO EMISSIONS WOULD BE

AS EFFECTIVE AS STRONGER MEASURES

LATER

Human activity has led to an increased atmos

pheric concentration of carbon dioxide (C02),
methane (CH4) and chlorofluorocarbons (CFCs),
which yield the potential for global warming as

the atmospheric concentrations of these gases

increase.

F. Princiotta of the United States Environmental

Protection Agency described the development of

a model, Glowarm 3.0, to shed light on several of

the key issues associated with greenhouse warm

ing. He presented the results of his analysis at

the 1995 International Joint Power Generation

Conference held in Minneapolis, Minnesota, last

October.

The model is a spreadsheet (Lotus 1-2-3) model

which calculates global warming contributions

for all the major greenhouse gases: C02, CH4,

ozone precursors, nitrous oxide (N20), CFCs,

and their substitutes in 10-year increments.

There are many uncertainties associated with the

expected magnitude of global warming. The fol

lowing are major uncertainties whieh Princiotta

considered and quantified:

Atmospheric Sensitivity - This is generally

defined as the equilibrium temperature rise as

sociated with a doubling of CO concentrations.

General Circulation Models (GCMs) are utilized

by climate modelers to forecast the impact of

C02warming.

CO Life-Cycles

(which involves atmospheric,

The Earth's carbon cycle

terrestrial and

oceanic mechanisms) is complex and not com

pletely understood. For this analysis two dif

ferent C02 life-cycles were utilized.

Growth of CO. Emissions Over Time for a

"Business as
usual"

Case - According to Prin

ciotta, the following are key factors which will

determine a given country's emissions of C02,

the most important greenhouse gas:

- Current emission rate

- Population growth

- Growth of economy per capita

- Growth rate in energy use per economic

output

- Growth rate in carbon emissions per

energy use unit

Methane Lifetime - Recent atmospheric data

have indicated an unexpected deceleration of the

increase of CH4 concentration in the atmosphere,

consistent with a possible recent decrease in

CH4 lifetime (possibly due to an increase in at

mospheric hydroxyl concentrations).

Projected Growth of Methane Emissions - The

major anthropogenic sources of CH4 include:

landfills, rice production, coal mines, natural gas

production and distribution systems, and the rais

ing of cattle.

Actual Temperature Response Versus Calcu

lated Equilibrium Warming - GCMs often calcu

late projected equilibrium warming rather than

transient or actual warming.

Aerosol (Sulfate) Cooling - A recent develop
ment has been the availability of evidence that

emissions of sulfur dioxide (S02), other gases

and aerosols have contributed to a significant

cooling impact, counteracting greenhouse gas

warming.

In order to attempt to understand the impact of

these variables, the author estimated warming for

five scenarios spanning what are believed to be

reasonable ranges of values for these variables.

Table 1 shows the best versus worst case

scenarios; in the middle is the base case which is

generally consistent with International Panel on

Climate Change (IPCC) predictions and repre-
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TABLE 1

SCENARIOS IMPACTING DEGREE OF GLOBALWARMING

Variable Impacts on PredictedWarming

Atmospheric Sensitivity

C02 Life Cycle Model

C02 Growth Rate: 1990-2030
CO Growth Rate: 2030-2100

Methane Lifetime, yrs

CH4 Growth Rate: 1990-2030/2030-2100

Penetration of HFC-134a

Actual/Equil. Temp. Ratio @ 0.35C, /vr

Current Sulfate Cooling,C

Sulfate Cooling Emission Ratio Exponent

Warming from 1980,C

Equilibrium Temp. @ 2050

Realized Temp. @ 2050

Equilibrium Temp. @ 2100

Realized Temp. @ 2100

Base

Lowest Case Hiahest

1.5 2.5 4.5

IPCC IPCC Walker

1.0% 1.85% 2.2%

0.5% 0.78% 2.2%

7 11 13

0.67%/ 1.17%/ 1.37%/
0.32% 0.82% 1.02%

15% 35% 55%

0.3 0.505 0.7

-2.5 -1.65 -0.1

1 0.8 0.6

0.4 2.3 7.8

0.4 1.2 4.4

0.9 4.3 15.9

0.8 2.2 9.1

sents current conventional wisdom regarding the

most likely scenario.

As indicated, the range of projected global warm

ing for the year 2100 varies from significant

(1.3C) to catastrophic (9.6C). However, the

most likely case yields 2.7C projected warming

from pre-industrial values, says Princiotta.

Additional model runs were made which

evaluated each variable's influence on warming

when its value for the
"low"

and
"high"

scenarios

was input with all other variables set at their base

level. Atmospheric sensitivity, C02 emission

growth and atmospheric life, and lag time as

sociated with the Earth's thermal inertia yielded

the largest uncertainties.

Greenhouse Gas Contributions

The author's model shows that C02 and CH4 are
the most important contributors to warming, with

CFCs and their substitutes, N20 and tropos-

pheric ozone playing small but significant roles.

The projected cooling impact of aerosol sulfates

is also significant.

When considering the importance of a given

greenhouse gas, it is informative to evaluate

warming prevented for a given mitigation

scenario. In this case, a 1 percent annual reduc

tion in emissions is assumed for each gas (or its

precursor) starting in the year 2000. Results of

model calculations for the period 1980-2050 com

paring equilibrium base scenario warming to

15
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warming prevented with this mitigation program

show that short-lived gases such as CH4 and

ozone can mitigate a higher fraction of their base

warming.

Figure 1 shows the effect of annual mitigation

rate (starting in 2000) on warming. An interesting
observation that can be made is that a stringent

2 percent per year mitigation program for CH4
could have almost as much benefit by the

year 2050 as capping (zero percent growth) C02
emissions.

Mitigation

To select a mitigation target, it would be

desirable to have a solid understanding of the

likely environmental, economic and human settle

ment impacts associated with various levels of

greenhouse warming. Because such information

is not available, an alternative approach is to com

pare projections of greenhouse warming to

geologic histories with comparable warming and,

where possible, deduce possible impacts.

Princiotta's analysis suggests that projected

greenhouse warming of 2 to 2.5C (assuming
base case variables) by 2100 would lead to mean

global temperatures not experienced by the

Earth in the last 125,000 years. Possible impacts

include: sealevel rise, changing precipitation pat

terns, die-back of indigenous forests, and poten

tial loss of agricultural productivity.

Assuming base case values, if emissions were

held constant at year 2000 levels, the rate of

projected warming could be slowed substantially,

although significant warming would continue for

the foreseeable future. However, if emissions for

all greenhouse gases were reduced 1 percent

annually, post-1980 warming could be stabilized

below about 1C by the year 2100.

Figure 2 illustrates the impact of the year control

starts on realized warming projected in 2050 for

FIGURE 1

WARMING ABATED BY GAS VERSUS MITIGATION RATE
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FIGURE 2

PROJECTED REALIZED WARMING VERSUS FIRST YEAR CONTROL
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two mitigation scenarios (1 percent of annual con

trol and emission cap). As indicated, early emis

sion control allows for a much larger degree of

climate stabilization. These results suggest that a

mitigation program which caps emissions can

be equally as effective as a more stringent and

expensive emission reduction program initiated

10 years later.

####
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COMING EVENTS

1996

APRIL 2-4, ALEXANDRIA, VIRGINIA-Seventh Annual U.S. Hydrogen Meeting, phone 202 223 5547

APRIL 9-11
.WASHINGTON, D.C.-The Future of Power Delivery, phone 415 855 2010

APRIL 9-11, CHICAGO, ILLINOIS-1996 American Power Conference, fax 61 5 393 7518

APRIL 10-12, SINGAPORE-Sixth Asian Natural Gas Conference, fax 847 768 0842, USA

APRIL 14-17, SUN CITY, SOUTH AFRICA-11th International Symposium on Alcohol Fuels.

fax 27 021 705 6266

APRIL 16, CALGARY, ALBERTA, CANADA-Canadian Heavy OH Association, fax 403 262 4792

APRIL 21-24, TULSA, OKLAHOMA--10th SPE/DOE Symposium on Improved ON Recovery.

phone 918 496 3434

MAY 5-9, GATLINBURG, TENNESSEE-18th Symposium on Biotechnology for Fuels and Chemicals.

phone 423 482 6451

MAY 1 8-23, CHICAGO, ILLINOIS-The 15th North American Catalysis SocietyMeeting, phone 708 420 521 7

MAY 21-22, BRNO, CZECH REPUBLIC-Central European Power Conference, fax 44 171 915 5056, United

Kingdom

MAY 27-30, BUDAPEST, HUNGARY~19th International Conference of the International Association for

Energy Economics

JUNE 3-5, TORONTO, ONTARIO, CANADA-WindsorWorkshop on Alternative Fuels

JUNE 3-6, CAIRO, EGYPT-Caito Fifth International Conference on Energy and Environment.

phone 313 577 3800

JUNE 3-7, BEIJING, CHINA-Energy Strategies in Developing Countries m the 21st Century.

fax 86 1257 5691

JUNE 10-12, CALGARY, ALBERTA, CANADA~47th Annual Technical Meeting. The Petroleum Society of

CIM, phone 403 234 6028

JUNE 15-21
, DENVER, COLORADO-Wgrfd Renewable Energy Congress JV, phone 303 275 4358

JUNE 23-28, STUTTGART, GERMANY~1JthWorld Hvdrooen Energy Conference, phone 49 69 7564 241

JUNE 24-27, COPENHAGEN, DENMARK-Ninth European Bioenergy Conference, fax 4492 5050

JUNE 25-27, OSAKA, JAPAN-Joint IEW/JSER International Conference on Energy. Economy, and the En

vironment, fax 81 6 879 7832
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JUNE 25-27, STOCKHOLM, SWEDEN-Efficiency. Costs. Optimization. Simulation and Environmental

Aspects of Energy Systems, fax 46 8 723 0858

JUNE 26-28, BUDAPEST, HUNGARY-Power-Gen Europe '96

JULY 9-11, PITTSBURGH, PENNSYLVANIA-Joint Power and Fuel Systems Contractors Review Meeting.

U.S. Department of Energy

JULY 14-18, SAN DIEGO, CALIFORNIA-Fifth World Conference pi Chemical Engineering.

phone 212 705 7373

JULY 29-31, TRABZON, TURKEY--First Trabzon International Energy and Environment Symposium.

fax 604 721 6051
, Canada

AUGUST 11-16, WASHINGTON, D.C.--31st Intersociety Energy Conversion Engineering Conference.

phone 301 330 0048

AUGUST 18-23, ORLANDO, FLORIDA-American Chemical Society. Division of Petroleum Chemistry.

phone 510 422 6028

SEPTEMBER 1-4, BERLIN, GERMANY--International Energy Agency Conference on Natural Gas Tech

nologies, fax 0228 91 88 990

SEPTEMBER 3-7, PITTSBURGH, PENNSYLVANIA-13th Annual International Pittsburgh Coal Conference

SEPTEMBER 3-7, PITTSBURGH, PENNSYLVANIA-Low Rank Fuels Symposium, fax 701 777 5181

SEPTEMBER 9-11, CAMBRIDGE, MASSACHUSETTS-Third International Conference on Carbon Dioxide

Removal, phone 61 7 253 8296

SEPTEMBER 15-19, NASHVILLE, TENNESSEE-Partnershios to Develop and Apply Biomass Technologies.

phone 205 386 2925

SEPTEMBER 18-20, KARLSRUHE, GERMANY-Third Symposium on Gas Cleaning at High Temperatures

OCTOBER 13-17, HOUSTON, TEXAS-Joint International Power Generation Conference and Exposition.

fax 201 8821717

OCTOBER 25-27, SAN FRANCISCO, CALIFORNIA--EPRI Conference pn New Power Generation Technol

ogy, phone 415 855 2127

NOVEMBER 18-20, CALGARY, ALBERTA, CANADA-Second International Conference on Horizontal Well

Technology, phone 403 237 51 1 2

DECEMBER 3-6, VIENNA, AUSTRIA-Gastech 96, the 17th International LNG/LPG Conference.

phone 44 171 436 9774, United Kingdom
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COMING EVENTS

1997

JUNE 10-13, COPENHAGEN, DENMARK-World Gas Conference, fax 45 45 76 70 15

JULY, TOKYO, JAPAN--International Conference on Power Energy

1998

SEPTEMBER 1 3-1 8, HOUSTON, TEXAS--17th Congress pf theWorld Energy Council
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OIL SHALE

ECONOMICS

POTENTIAL SHALE OIL FROM ALPHA

PROJECT WORTH $159 MILLION

Alpha Resources Pty Ltd, a subsidiary of Green

vale Mining N.L and Esperance Minerals N.L,
has been assessing the viability of the Alpha oil

shale deposit since 1979, when it obtained the

exploration rights. Last year A. Hutton, of the

University of Wollongong, prepared a summary
report of the Alpha oil shale deposit for distribu

tion to prospective joint-venture partners. The

report, which discusses the activities that have

been the focus of research programs over the

last 16 years, is summarized here.

Geology

The Alpha oil shale deposit is part of the Permian

Colinlea Sandstone which is a coaly sequence in

the Galilee Basin in central Queensland,

Australia. It is 62 kilometers southeast of the

nearest township, the small rural community of

Alpha (see Figure 1). The Alpha deposit consists

of an upper cannel coal seam with an average

thickness of 1.12 meters and lower cannel coal

seam with a torbanite lens, with an average thick

ness of up to 1.9 meters. The torbanite lens

crops out in a creek known as Tommy Staines

Gully. Both seams are shallow and easily mined

by open-pit methods. The seams are enclosed

within units which are predominantly composed

of sandstone but with minor siltstone, shale and

conglomerate. Dip of the sequence is 2 to

5 degrees toward thewest.

Torbanite is the richest oil shale known as shown

by the grades of torbanite at Alpha which are in

line with those of the previously exploited New

SouthWales torbanites. Modified Fischer Assays

for 145 samples of torbanite from 28 holes gave

oil yields ranging from 200 to 650 liters per tonne

(l/t) with an average of 420 l/t. Thus the average
oil yield for the torbanite is almost 3 barrels of oil

per tonne. Oil yields for the cannel coal enclos

ing the torbanite ranged from 20 to 249 l/t

whereas for cannel coal from elsewhere in the

FIGURE 1

LOCATION OF

ALPHA TOWNSHIP, QUEENSLAND

-36*

SOURCE: HUTTON

resource, including the upper seam, oil yields

averaged 50 to 150 l/t; the average yield is

120 l/t or almost 1 barrel for each tonne of coal.

Resources

After completion of the drilling program, the oil

yield data and other relevant information were

used to divide the resource into three arbitrary
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blocks, referred to as Blocks 1, 2 and 3. These

blockswere later found to be bounded by faults.

The resources have been calculated for two of

the three nominated blocks. The number and

spacing of the drill holes in the third block were

considered to be too few and too sparse to allow

a reasonable estimate of the resources in that

block. However, the available data suggest that

the cannel in the third block contains at least as

much oil as the blockwith the torbanite lens. The

resources are summarized in Table 1 .

Although the Alpha deposit is one of the smaller

Australian oil shale deposits as far as total

resources, the high yields from the torbanite

readily compensate for this. On a weight-for-

weight basis, 1 tonne of Alpha torbanite

produces at least 4 times the volume of oil from

1 tonne of Rundle or Stuart oil shale and at least

7 times the oil from 1 tonne of Julia Creek oil

shale.

Mine Plan

The mine plan for the Alpha deposit has only con

sidered the block with the torbanite lens (Block

2). This plan has two scales. On a large scale,

that is the deposit as a whole, the proposed mine

area, when complete and after the removal of all

the torbanite, would cover 3,080,000 square

meters. The average stripping ratio would be

11:1 with the average cost of mining given as

$36 per tonne. The proven recoverable reserves

in that area are:

- Torbanite - 2,623,320 tonnes with an

average yield of 420 liters per tonne

producing 5,509,000 barrels of shale oil

- Cannel Coal - 4,810,400 tonnes of coal

with an average yield of 140 liters per

tonne producing 3,367,000 barrels of

shale oil

TABLE 1

ALPHA OIL SHALE RESOURCES

Block 2 Block 3

Average

Yield
'
(LTOM)*

Barrels

of Oil

(Millions)

Average

Yield
(LTOM)*

Barrels

of Oil

(Millions)

Lower Seam

Torbanite

Cannel Coal

420

140

7.1

16.8 124 43.3

Upper Seam

Cannel Coal 110 6.7 115 15.6

*LTOM = liter per tonne at 0% moisture from FischerAssay data

Block 1 not calculated because of insufficient drill holes
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Value of the oil for the whole mine, based on

US$18 per barrel, would be US$159,768 million.

However, value of bitumen, based on Coal and

Carbon Industries (CCI) data, would be

US$560 million (or AUS$758 million, based on

AUS$300 per tonne). Value of the torbanite

spent shale (603,000 tonnes) if converted to ac

tivated carbon, is a minimum of US$670 million

(AUS$905 million, based on AUS$1,500 per

tonne, lowest present rate). The expected mine

life of the whole mine area would be slightly more

than 30 years if the annual mining production

was 200,000 tonnes of oil shale per year. These

predictions would see a relative increase in the

amount of cannel coal mined per year and a rela

tive reduction in the amount of torbanite.

On a smaller scale, a 10-year mine plan, follow

ing the most favorable stripping ratios, has been

considered. This mine would recover

1,934,000 barrels of oil from torbanite and

771 ,000 barrels of oil from cannel coal. The strip

ping ratios would average 6.26:1, ranging from

3.68:1 in the first year to 8.44:1 in the tenth year,

with the average recovery cost $21 .80 per tonne,

ranging from $14.00 in the first year to $28.34 in

the tenth year (based on 1990 costs). The value

of the oil as crude oil is US$48 million. However,

value of the oil as bitumen is US$309 million and

value of the activated carbon from the torbanite

is US$235 million (AUS$317 million).

At the end of the tenth year, slightly more than

two-thirds of the torbanite in the main resource

(Block 2) would have been mined and ap

proximately one-quarter of the cannel coal

resource would have been mined.

Retorting of Oil Shales

The economics of a shale oil industry is based

upon efficient and cheap technologies for conver

sion of the kerogen to shale oil in a retort.

Development of retort technologies is dependent

on a thorough understanding of the properties of

the oil shale, the reactions which take place in

the retort and the properties of the shale oil.

The data in Table 2 summarize the characteris

tics of the raw and spent shales and the oils from

the shales.

In bench-scale retort studies, using CCI technol

ogy, high yields of bitumen were obtained from

the torbanite. Retorting produced 2.5 barrels of

TABLE 2

COMPARATIVE RAW SHALE DATA

FOR CANNEL COAL AND TORBANITE

Cannel Tor

Coal banite

Raw ShaleAnalysis

Organic Carbon 63.05 74.81

Inorganic Carbon 0.06 0.08

Hydrogen 0.72 9.42

Sulfur 3.89 1.24

Nitrogen 1.45 0.80

Spent Shale Analysis

Organic Carbon 66.62 72.75

Inorganic Carbon 0.04 0.02

Hydrogen 2.77 3.11

Sulfur 3.59 1.17

Nitrogen 1.79 1.88

Analysis of Oil

Carbon 82.14 84.23

Hydrogen 9.70 11.62

Sulfur 1.28 0.72

Nitrogen 0.83 0.50

H/C 1.41 1.41

Sulfur Recovery
Oil 4.30 35.19

Spent Shale 67.94 22.67

Gas 22.46 33.66

Unaccounted 5.30 8.48
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bitumen per tonne of torbanite, approximately
59 percent of the total products.

In early 1992 Northlake Industries Inc. tested a

9-kilogram sample of the Alpha torbanite in their

retort. This test run yielded 3.55 liters of oil, equiv

alent to 394 liters per tonne, and 66.25 cubic feet

of retort gaseswere produced.

Utilization ofAlpha Oil Shales

Earlier studies of utilization of retort products for

the Alpha deposit assumed that a fuel-based

product-mix was viable. However, following the
CCI technology studies, which gave a sig

nificantly different product-mix for Alpha tor

banite, a new product-mix that has a high propor

tion of bitumen products is being investigated by
Alpha Resources Pty Ltd.

Australia produces all bitumen from imported

crudes and there is a market for bitumen which

sells at approximately $300 to $350 per tonne.

Australia's bitumen needs are 600,000 tonnes per

annum. Using a yield of 2 barrels of bitumen per

tonne of torbanite, a mine producing

200,000 tonnes per year would supply almost

half the Queensland bitumen needs.

The spent shale from the retorting process is also

valuable; it can be used as activated carbon or it

can be used to generate electricity.

Activation carbon studies using Alpha torbanite

and cannel coal were undertaken at the Center

for Applied Energy Research, University of Ken

tucky (Lexington, Kentucky, USA). Preliminary

results show the Alpha torbanite spent shale has

comparable adsorption properties to commercial

activated carbons. Alpha torbanite spent shale

adsorbs less nitrogen oxide and ammonia than

commercial activated carbons but adsorbs more

hydrogen sulfide.

Further experimental work is under way to deter

mine the effectiveness of the spent shale genera

ted from the cannel coal and to verify the prelimi

nary results from the torbanite. The next stage

will be additional experimental work to determine

whether the adsorption capacity of the Alpha

material can be increased using catalysts and

various preparation techniques.

Calculations show for each tonne of average-

grade torbanite, the residue obtained after

pyrolysis and steam pyrolysis constitutes

23 percent of the original torbanite. Thus from

each tonne of torbanite, it is expected that ap

proximately 230 kilograms of activated carbon

will be produced. Spent shale constitutes 58 to

69 percent of the cannel coal with the volatiles

(oil plus water plus gas) accounting for ap

proximately 31 to 42 percent of the cannel coal.

The steam pyrolysis experiments show that car

bon is consumed during the reaction with a loss

of 31 percent of the feed.

Activated carbons sell for $1,500 to $3,000 per

tonne depending on the quality. One tonne of tor

banite would give an activated carbon income of

$345 to $690. A plant to commercially produce

activated carbons from the retorted torbanite

would greatly improve the product income and

make the Alpha resource more economically vi

able.

As an alternative, the spent shale could be com

busted to produce heat. In Estonia almost

70 percent of the country's energy requirements

are obtained from combustion of kukersite oil

shale. In some areas the heat is used to produce

steam to drive electricity generation turbines and

in other cases the heat is used directly as the

energy source.

Selective mining and retorting of the torbanite

and cannel coal separately would provide a

bitumen-based product-mix with an activated-

carbon supply and electricity generation to cover

the Alpha operations with some excess electricity

fed into the Queensland state grid.

Future Programs

Alpha Resources plans to continue to charac

terize the torbanite and cannel coal with on-going

studies which will include:
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Characterization ofthe shale oils

Preparation of shale and determination
of yields

Preliminary characterization of bitumen

Development of a pilot bitumen project

Activated carbon studies

Retort technology studies

Mine planning and feasibility studies.

####

TECHNOLOGY

OIL SHALE EXTRACTED IN HIGH YIELD WITH

NEAR-CRITICALWATER

Super-critical water extraction of oil shale was

evaluated under varying conditions of pressure,

temperature and time by O. Ogunsola for her

1991 doctoral thesis. Based on promising results

of water acting as a solvent and chemical

reagent well below its critical pressure, Ogunsola

along with N. Berkowitz of the University of Al

berta, Edmonton, Alberta, Canada, investigated

the extraction of oil shales with sub- and near-

critical water. The results of their studywere sum

marized in Fuel Processing Technology 45,

1995.

The shales chosen for this study originated from

major deposits at Mishor Rotem (in Southern Is

rael) and at Timahdit (in Morocco), and are here,

for convenience, indexed as Rotem and MFO

shales, respectively. Both are of marine origin

and Cretaceous age, and have been credited

with Fischer Assay yields of 73.7 and 60.8 liters

per tonne, respectively.

The two shales are significantly different in such

aspects as kerogen contents, composition and

the make-up of their respective mineral matter.

Fresh coarse samples were in each instance

crushed to < 1.16 millimeters, screened to furnish

< 1 . 1 6 >0.83 millimeters and <0.83

>0.6 millimeter fractions for the extraction runs,

and stored in air-tight containers until required.

Extract Yields and Compositions

Extract yields and compositions depend on a

complex interplay of extraction conditions includ

ing temperature, pressure, duration of extraction,

the size of the feedstock and on the length of

time during which organic matter remains in con

tact with its hot inorganic envelope.

Substantial (>30 to 35 percent) conversion of

kerogen to toluene-soluble matter could only be

achieved at a temperature near the onset of ther

mal decomposition of kerogen (approximately
400C). Below that point, extractability by Sub-

Critical Water (SCW) was negligible, and above it

extract yields fell progressively.

At 450C/14 MPa, extract yields had fallen to ap

proximately 65 percent of the value recorded at

400C/14MPa.

Increasing pressures were less clearly expressed
in extract yields and compositions. Conversions

to toluene-soluble material at 400C/14 to

21 MPa averaged 32.3 percent, and H/C ratios

were unchanged over the pressure range.

Extract yields and compositions were dramati

cally influenced by the duration of extraction.

Conversion more than doubled when extraction

was extended from 20 to 80 minutes, and extract

compositions reflected ongoing concurrent

chemical alteration of extractable material. Car

bon contents fell by approximately 30 percent,

aromatic H and aliphatic H by approximately

40 percent, and the aromaticity of the extract by
some 15 percent-all this while the sulfur content

of the extract tripled.

However, greater gains in extract yield and com

positions were observed when CO was injected

along with the SCW. The CO interacts with

steam to generate active hydrogen.
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Comparison of data for extraction with SCW and

SCW plus CO (Table 1) shows the effects of such
in situ reaction. Of particular interest here are

greatly enhanced extract yields, at 21 MPa repre

senting approximately 70 percent of the original

kerogen, and the substantially higher H/C ratios,

which are reflected in lower extract aromaticities.

Similar benefits will, however, also accrue under
less severe extraction conditions if a more finely
comminuted feed is used. Extraction of <0.83

>0.60 millimeter Rotem shale with SCW plus CO

generated approximately 20 percent more ex

tract at 14 MPa than the coarser shale at either

14 or 17.5 MPa, and at 17.5 MPa it produced an

approximate 70 percent extract that could only

be obtained from the coarser fraction at 21 MPa.

Extraction of the smaller size fraction at

400C/14 MPa yielded >50 percent extract

within as little as 20 minutes. While this be

havior can in large measure be attributed to

faster removal of extractable matter from the hot

matrix in which it was generated, it may also

reflect a different mineral composition in the

smaller sample size.

An attempt to extend kerogen solubilization still

further by enhancing in situ H-generation with an

Fe-based catalyst proved unsuccessful. Extrac

tion of iron oxide-doped Rotem oil shale with

SCW, whether in the presence or absence of CO,

was found to significantly reduce the extract

yield.

Overriding the influence of extraction parameters

on extraction yields is shale
'quality'

which, ac

cording to Ogunsola and Berkowitz, is not neces

sarily indicated by kerogen content. Although

the compositions of the extracts from the MFO

and Rotem shales are similar, extraction of the

MFO shale with SCW at 14 MPa furnishes only

about 35 percent of the yield generated by SCW

from the Rotem shale. Although yields increase

by a factor of 2.5 when CO is present, they
amount only to 66 percent of the Rotem extract

at 14 and 17 MPa, and to 42 percent at 21 MPa.

This behavior might be ascribed to the different

proportions of inorganic carbonates

(approximately 47.5 and 65.5 percent respec

tively) in the MFO and Rotem shales. In prin

ciple, it might also be associated with the more

TABLE 1

EFFECTS OF SCW + CO ON EXTRACTYIELDS

AND
COMPOSITIONS1

Pressure, MPa 14 17.5 21

Extract Yield % 45.9 (34.9) 45.9 (29.7) 69.5 (32.4)
Elemental Composition, %

Carbon 82.1 (76.8) 82.1 (79.2) 76.9 (80.4)
Hydrogen 9.3 (8.6) 9.7 (9.1) 10.1 (9.0)
Nitrogen 1.5 (1.1) 1.6 (1.3) 1.7 (1.5)
Sulfur 3.9 (10.0) 3.7 (8.3) 5.1 (6.4)
Oxygen 3.2 (3.5) 2.8 (2.2) 6.2 (2.7)
H/C 1.36 (1.34) 1.42 (1.38) 1.57 (1.35)

1
Bracketed terms relate to extraction with SCW only.
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pronounced aliphatic character of the Rotem

shale. Extraction of more aliphatic bitumens with

SCW plus CO did not offer appreciable ad

vantages over extraction with SCW alone.

Extract Quality

In order to evaluate the quality of the toluene-

solubles extracted with SCW or SCW plus CO,
representative extracts and two similar, but

pyrolytically generated, product slates were com

pared.

Although SCW substantially enhances recovery

of hydrocarbon material, the chemical quality of

SCW extracts is inferior to the quality of the shale

oils generated by retorting, and conversion of

SCW-extracts to marketable transportation fuels

would therefore demand much
'deeper'

hydrotreating. The differences between hydrocar

bon materials from the two processing options

are qualitatively compared in Table 2.

Conclusion

The results of this study suggest that extraction

of kerogen-derived hydrocarbon materials from

oil shales using
sub- and near-critical water

merits further attention. Under favorable condi

tions, up to approximately 70 percent of the or

ganic source material in the shale, or ap

proximately 75 percent more than is furnished by
pyrolysis, can be recovered as a toluene-soluble

oil precursor.

In part, this enhanced recovery is offset by the

fact that the chemical quality of SCW-extracts is

inferior to the quality of the shale oils generated

by retorting. A more direct constraint is that ex

traction with SCW or SCW plus CO may offer a

TABLE 2

TRENDS OF HYDROCARBON CHARACTERISTICS

AS FUNCTIONS OF PROCESS
OPTIONS1

Extraction with:

Pvrolvsis SCW SCW + CO

Hydrocarbons

Yield Low Medium High

H/C Ratio Low Medium High

% Sulfur Medium High Low

% Nitrogen Low Medium High

Mean Mol.
Wt.2

250 320 380

Class Composition

Oils High Medium Medium

Polar Compounds Medium Medium Medium

Asphaltenes Low Low Low/Medium

1Trends are relative and influenced by extraction pressure.

^hese are fairly typical apparent Mn values.
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promising processing option of some oil shales,

but not others, i.e., some shales do not respond

particularlywell to supercritical extraction.

####

INTERNATIONAL

SOLVENT EXTRACTION OF BITUMEN

FRACTION OF EL-LAJJUN SHALE TESTED

Jordanian oil shale is composed of about

86 percent mineral matter and 14 percent or

ganic matter. The organic matter in oil shale is

composed of bitumen (about 10 to 20 percent

and rarely exceeding 20 percent) and kerogen

(about 80 to 90 percent). Bitumen is usually
ex-

tractable by organic solvents at a moderate tem

perature where these solvents extract the

hydrocarbons and the more complex products

which are heteroatomic. The kerogen, which is

the insoluble fraction left in the rock, is retorted

and collected as the yield. The main problem

that arises from the extraction operation is the

loss of a large quantity of solvent by adsorption,
and therefore a good distillation technique is

needed to reduce these solvent losses.

The effect of different solvents on the extraction

of bitumen from El-Lajjun oil shale was evaluated

by M. Anabtawi of the University of Bahrain, State

of Bahrain, and B. Uysal of Gazi University,

Ankara, Turkey. The results of the study were

reported in Separation Science and Technology,

Volume 30, 1995.

Selectivity of Solvent

Dissolution of bitumen into the organic solvent is

considered to be the limiting step in the oil shale

extraction process. The degree and speed of ex

traction and the quantity of oil recovered depend

on both the nature of the oil trapped in the pores

and the power of the solvent used for dissolving
the oil.

Solvents are usually classified by the number of
functional groups present in the molecule, which

affect the interaction of either or both types of

physical and chemical interactions between the

solute and the solvent. Seventeen different or

ganic solvents (pure and combined) commonly
used for extraction were evaluated in this study.

Table 1 shows the properties of these solvents.

Comparison among these solvents and selec

tivity of the best solvents for further investigation

were made qualitatively based on observation

and on the physical properties of the solvents

used, quantity and quality of yield, and quantity

of solvent recovered. In addition, a test on a

sample retorted using the Fisher Assay showed

that a solvent used for extracting bitumen should

not have a temperature higher than 153C, so the

solvents selected were limited by that boiling
point.

In general, benzene, toluene, chloroform, and the

benzene-trichloroethylene mixture gave fairly
high yields and reasonable amounts of solvent

recovery. The benzene-trichloroethylene mixture

was eliminated because trichloroethylene is an

expensive chemical to be used for extracting oil

shale. Benzene was also eliminated based on

the purity of the yield.

Chloroform and toluene were found to be the

best solvents for extracting El-Lajjun oil shale and

so were chosen for the second stage of investiga

tion. The main criteria for their selection were the

quality and quantity of the yield and the quantity

of solvent recovered. When chloroform was

used as a solvent, the time taken to complete the

leaching operation was much less than that of

toluene. Chloroform also has a lower boiling
point temperature, which leads to easier separa

tion. However, toluene has better solvent

recovery than chloroform but the disadvantage of

a higher boiling point and therefore is more dif

ficult to separate.

Calculation of theYield

Before the effects of different variables on the

rate of extraction for both chloroform and toluene

THE SYNTHETIC FUELS REPORT, APRIL 1996

28



 



OIL SHALE

TABLE 1

COMPOUNDS TESTED AS SOLVENTS

bp Solvent Recovery Oil Yield

Solvent (C) mL % (mL) Oil Color

CTC*
77 155 77.5 18.5 Brown

Benzene 80 171.6 85.8 2.9 Black
TCE**

87 183 91.5 1.8 Yellow

Xylene 144 173 86.5 10.5 Black

n-Heptane 98.5 181 90.5 0.2 Yellow

Isopropanol 82.5 158 79.0 4.0 Yellow

tert-Butanol 83 _.
__

Cyclohexane 80 175 87.5 0.2 Yellow

n-Butanol 117 177 88.5 2.0 Black

Benzene-toluene 94 150 75.0 3.5 Black

Benzene-n-butanol 94 170 85.0 10.5 Black

TCE-CTC 88 163 81.5 14.7 Black

Benzene-xylene 97 173 86.5 7.7 Black

Toluene 110.6 170 85.0 9.4 Black

Benzene-TCE 90 179 89.5 4.0 Black

Chloroform 61 147 73.5 6.1 Black

TCE + n-butanol 98 170 85.0 9.0 Black

*CTC = carbon tetrachloride

**TCE = trichloroethylene

were studied, calibration charts were produced

for both solvents. These charts were produced

to test for the amount of solvent still trapped with

the yield after conducting the second stage of dis

tillation.

The amount of oil obtained by extraction using

chloroform was 3.7 percent and the amount of

solvent recovered was 84.1 percent, whereas the

amount of oil obtained using toluene was

2.93 percent and the amount of solvent

recovered was 89.9 percent. In both cases the

authors believe that still more solvent can be

recovered by improving the fractional distillation

conditions.

Effect of Particle Size

To test for the best particle size for maximum ex

traction rate, several experiments were con

ducted using both toluene and chloroform. It

was found that the oil yield decreases with in

creasing particle size from 1.0 to 4.0 millimeters.

However, the decrease was not significant. It

was also noticed that the larger the particle size,

the smaller the amount of solvent adsorbed and

the lower the extraction rate, so the optimum par

ticle size was taken as 1.0 millimeter. Other ex

perimentswere conducted at particle sizes below

1.0 millimeter, but there were some difficulties

with running a smooth extraction process, mainly

29
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due to clogging in the return line in the Soxhlet

extractor and a slower rate of extraction.

Effect of Extraction Time

As the time of extraction increases, the yield in

creases up to a time of 1 hour. Beyond that time,
the effect of time is not significant, which indi

cates that the extraction process is almost com

plete.

Conclusions

The amount of bitumen fraction extracted by
toluene was found to be 0.0293 grams per gram

shale, which is 78 percent of the total bitumen

available in the shale, and the amount of toluene

recovered was 89.9 percent. The amount of

bitumen fraction extracted by chloroform was

found to be 0.037 grams per gram shale, which is

98 percent of the total bitumen available in the oil

shale, and the amount of chloroform recovered

was 84.1 percent. The percentages of bitumen

recovered are based on 15 percent of the or

ganic matter in the shale being bitumen.

####

SOLAR ENERGY COULD BE USED TO GASIFY

GERMAN OIL SHALE

Gasification of low-quality carbonaceous

materials like oil shale yields synthesis gases

suitable for the production of synthetic fuels.

Solar gasification of carbonaceous particulates

was discussed in an article by M. Flechsenhar

and C. Sasse of the Institut fur Technische Ther-

modynamik in Stuttgart, Germany, published in

the August 1995 issue of Energy. In the solar

gasification process, particles are heated directly

by concentrated radiation, resulting in high rates

of temperature increase and hence in simul

taneous decomposition of organic matter and

carbonates present in the shale. Synthesis gases

are produced consisting of H , CO, CH , and

CO...

Oil Shale Gasification

The organic matter of German oil shale from Dot

ternhausen at the foot of the Swabian Jura can

be described by the formula CH1 ^O^. The or

ganic compounds represent

in'

general up to

25 weight percent of the shale and amounted to

only 1 1 percent in the case of the studied shale.

Thus, the net calorific value of 3,400 kilojoules

per kilogram is low.

The main compounds in the mineral matter are

carbonates. The greater their concentration, the

lighter is the shale color and, consequently, the

less solar energy is absorbed in the shale. The

water content depends strongly on the storage

conditions because the shale is hygroscopic.

Gasification of oil shale at elevated temperatures

includes two reactions. The first takes place in

the temperature range from 200 to 500C and rep

resents the decomposition of organic content,

and the second occurs at 600 to 900C and is the

decomposition of carbonates present in the

shale. Increasing the temperature step-by-step

results in two consecutive reactions. For a direct

absorbing reactor, the rate of temperature in

crease is extremely high (up to
150

per second)

so that the two reactions proceed simultaneously
rather than consecutively. As a result, say the

researchers, in situ reforming occurs, in which

the C02 released from the decomposition of the

carbonate reacts with the decomposition

products of the organic matter within the par

ticles .

The most desirable gasification products are H2
and CO because these can be used either as a

non-polluting combustible (after shifting the CO

with water) or as reactants for synthetic fuel

production.

Experimental Procedure

Experimentswere carried out in a fixed-bed reac

tor containing 0.05 grams of biomass particles in

a 50-millibar pure argon atmosphere. The upper
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reactor lid is made of quartz glass which permits

the solar radiation to enter the reactor without

any heat transfer limitations in the reactor wall

being involved. The radiation is absorbed

directly in the bed of reactants resulting in a high

rate of temperature increase. The irradiation

power driving the process is provided by means

of a so-called sun simulator consisting basically
of a xenon lamp placed in the focus of a

parabolic reflector. The irradiation intensity was
set to a maximum value of 1 ,960 kilowatts per

square meter until the gasification temperature

was reached (which took approximately

9 seconds) and was then adjusted to stabilize the

temperature.

Time of Irradiation

Information about product-gas composition

during gasification was deduced by repeating the

same run several times but with interruption after

different irradiation times. With this approach, dis

crete relationships between product-gas con

centration and irradiation time were available

(Figure 1).

Only during the first 50 seconds of irradiation

was a considerable increase of pressure ob

served, indicating that shale gasification under

these conditions is a rather fast reaction. The

C02 concentration went through a maximum at

approximately 22 seconds, which could be ex

plained by assuming that the carbonates decom

position occurs faster than the consecutive reac

tion of the carbon dioxidewith the coke.

Thus, after 70 seconds of irradiation time, the car

bonates decomposed completely whereas the

organic matter only decomposed to an extent of

approximately 50 percent. Despite the presence

of a considerable amount of carbon dioxide in

the gas phase, there was still some coke remain

ing, which indicates that the C02-reforming was

incomplete.

FIGURE 1

PRODUCT-GAS COMPOSITION VERSUS IRRADIATION TIME

* Hydrogen

o CarbonMonoxide

-* Methane

- Carbon Dioxide

- Gases in Total

0 20 40 60 80

SOURCE: FLECHSENHAR AND SASSE Irradiation time in sec
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Shale Particle Size

Four different particle sizes, ranging from

<0.315 millimeters to 1.0-1.5 millimeters, were

studied at a gasification temperature of 900C. In

contrast to what was to be expected, the larger

particles produced more synthesis gas than the

smaller ones. During irradiation the larger par

ticles had a high tendency toward bursting,
which was due to the sudden local pressure in

crease within the particles, and the comparably
low diffusion rate of the produced gases toward

the surface. This effect was amplified by the enor

mous rate of temperature increase resulting in

high stress in the shale material. Although the to

tal amount of produced gas in the larger particles

was higher, less organic matter was decom

posed than in the case of small grains. However

the decomposition of the carbonates was im

proved by an increase in particle size. In the

runs with the smaller particle sizes, the carbon

yielded from the decomposition of organic matter

was transformed mainly into coke.

Gasification Temperatures

Raising the temperature shifts reversible reac

tions to the energy-consuming direction whereas

the exothermic reaction step is enhanced when

the temperature is decreased. These shifts

resulted in higher H2 and CO contents in the gas

phase due to thermodynamic and kinetic limita

tions. Overall, an increase in gasification tem

perature resulted in a greater amount of syn

thesis gas produced because the extent of

decomposition of the organic matter increased.

Gasification ofMoistened Oil Shale

without any reforming gas (e.g., C02, HO)
added to the reactant.

""'

The specified shale gasifications were carried out

.
..

The large concentration

of unreacted coke in the spent shale could be

due to a lack of further reforming additives within

the particles. In order to overcome this restric

tion, the shale was moistened with water before

gasifying. The water content was thus increased

to about 5 percent.

The total amount of produced gas, in moles per

kilogram raw shale, was increased by a factor of

1.3 to 1.4 as compared to runs without water ad

dition. In all cases there was a significant rise of

the H2 content in the produced gases.

Kinetic Study

The experimental results presented thus far were

obtained for constant temperatures, whereas the

kinetic studywas carried out with constant irradia

tion power and with an increase in temperature

during gasification. The kinetic parameters were

obtained in experiments with 30 seconds irradia

tion time because longer runs did not sig

nificantly affect the values determined for the

parameters.

Good agreement with experimental data de

pended on the applied irradiation power

(Figure 2). In general, the deviations were

smaller for higher irradiation powers due to a

higher rate of temperature increase in these

cases. The conversion data in Figure 2 (b) prove

that the decomposition of the shale occurs in two

consecutive steps when the temperature rise is

small. The relative maximum of this curve indi

cates that the decomposition of organic matter is

completed; a further increase in conversion is

due to the decomposition of the carbonates and

therefore a fit with a single exponential model

was not possible.

Rather low activation energies were obtained, in

dicating that the gasification process is
diffusion-

controlled. This result may be due to the fact

that the gasification temperature was not kept

constant in this study, say Flechsenhar and

Sasse. Raising the irradiation power and using

larger shale particles resulted in a continuous

decrease of the reaction order.
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FIGURE 2

CONVERSION VERSUS IRRADIATION TIME

Particle Irradiation power Reaction Activation energie Frequency factor
size (mm) (kW/m2) order n E (J/mol) k (1/sec)
1.0-1.5 780 6.09 70.1 0.03

1.0-1.5 1170 3.00 103.9 0.12

1.0-1.5 1560 1.89 472.6 0.13

1.0-1.5 1950 1.41 658.6 0.14

0.315-1.0 1560 2.29 405.0 0.33

< 0.315 1560 3.07 218.5 0.50

experiment

adjustment

10 15 20 25

Irradiation time in sec

10 15 20 25

Irradiation lime in sec

30

SOURCE: FLECHSENHAR AND SASSE

####

ENVIRONMENT

CO-COMBUSTION OF OIL SHALE AND SOUD

WASTE MAKES ENVIRONMENTALLY BENIGN

PLANT

Many mass burn plants in the United States use

Municipal Solid Wastes (MSW) as fuel. In order

to meet air quality requirements, these plants (as

well as most coal-fired powerplants) require ex

pensive pollution control equipment. According

to a study by H. McCarthy et al. of Synfuels En

gineering and Development Inc., the combustible

portion of MSW, Refuse Derived Fuel (RDF), can

be co-combusted with oil shale to produce rela

tively clean stack gas. McCarthy et al. discussed

the results of their study at the 1995 Intersociety

Energy Conversion and Engineering Conference.

Process Description

The overall cogeneration plant concept is shown

in Figure 1. A mixture of about 25 percent

THE SYNTHETIC FUELS REPORT, APRIL 1996

33



 



OIL SHALE

FIGURE 1

OIL SHALE/MSW

COGENERATION CONCEPT

Magnetic

Separator

Glass

Product!

T HcayMaterials I

Encapsulation

Unit

notation

Unit!

^ Waste SoMs

Orgtnk

Mttcrub

Circulating
Fluid Dcd UniU

CcmaMitious Ash

BuildingMateritU

SOURCE: MCCARTHY, ET AL.

crushed oil shale and 75 percent RDF is

processed in a circulating fluidized-bed combus

tor.

The oil shale fed into the fluidized bed is crushed

and sieved to yield 6-millimeter material. The

shale used for this process is considered
lean"

in

that if retorted to produce shale oil, the yield

would generally be in the range of 19 to

24 gallons per ton of oil shale.

The "front
end"

separates the MSW into its

various usable constituents. RDF is fed into the

same fluidized bed via a separate conveyor. RDF

varies from one community to another and also

from season to season. Although this variability

cannot be completely controlled, some key
parameters must be controlled for the process to

work. It is especially important that PVC and

other plastics be present in the concentrations

typical of most areas. The RDF sample must also

be analyzed for pollutants and trace metal ele

ments.

During the approximately 2-second residence

time the combustibles burn and the absorbents,

i.e., basic oxides of the shale, absorb the

chlorides and sulfur compounds in the flue gas.

Economics

The economics of an RDF/oil shale plant that

would be operating outside a city of 250,000

were analyzed, and according to McCarthy et al.,
to build and operate such a plant is an extremely

attractive project. Its economic desirability stems
in part from its relatively low capital and operat

ing costs. The discounted cash flow return on

investment is 21 percent on equity invested,
which is generally considered good. The payout

period is 7 years which is also considered to be

good.

Experimental Results

The first two subscale tests of the current

research program yielded results that are en

couraging. These first two bums were com

pleted in a 150-millimeter diameter fluidized-bed

system. These initial results using RDF showed

that the S02 was reduced from 250-300 ppm to

30-50 ppm at temperatures of 788 to 815C. The

chlorides were below the detectable range of the

instrumentation (below 1 ppm).

Testing to establish the mechanical properties of

the cementatious ash is currently in progress.

It was also determined that particle size is not a

significant variable insofar as oil shale is con

cerned. This is important because it helps

demonstrate that the grinding of oil shale into the

fine particle size currently used with limestone is

both costly and unnecessary.

Oil shale is 2 to 3 times as effective as a sulfur

absorber than limestone when co-combusted

with coal, as shown in Figure 2. The authors
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FIGURE 2

COMPARATIVE ABSORBENT

EFFECTIVENESS OF

OIL SHALE AND LIMESTONE

\

MOLMMSORBANT RATIO

SOURCE: MCCARTHY, ET AL.

believe this is due to oil shale's increased surface

area, but more data are needed to confirm this

hypothesis.

Data show that in a 2-second residence time at

temperatures below 870C, absorption is control

led by the kinetics of absorption whereas in reac
tions above this temperature, either the shift in

equilibrium is controlling or a competing reaction

is occurring

A mathematical model of sulfur absorption in a

circulating fluidized-bed combustor was

developed. The model showed good correlation

with experimental data.

####
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CORPORATIONS

PDVSA EXPECTS ORIMULSION OUTPUT TO

HIT 5.3 MILUON TONNES IN 1996

Orimulsion fuel exports rose 54 percent during
the first half of 1995 to 1.76 million tonnes, com

pared to 1.14 million tonnes in the same period

during 1994.

As a result of these new export markets opening

up, Bitumenes de Orinoco (Bitor), a subsidiary of

state-owned Petroleos de Venezuela S.A.

(PDVSA), expects to increase output of its

trademark boiler fuel Orimulsion by 118,000 tons

in 1996 to 5.3 million tons. By 2005, Bitor plans

to boost production of Orimulsion to

600,000 barrels per day, Bitor President

J. Zemella says.

From 1996 to 2005, Bitor plans to increase its out

put of Orimulsion by building five more plants

with the capacity to produce about

100,000 barrels per day each. Each plant is ex

pected to generate $185 million in annual

revenues, according to Zemella.

Bitor currently produces 100,000 barrels per day
of the fuel for use in electricity generating plants

all over the world.

Italy

Last year the Italian state-owned utility ENEL

signed a contract with Bitor for 500,000 tons per

year of Orimulsion, to be used in the Brindisi

South power station in southern Italy. The inten

tion, according to Bitor, is to negotiate a long-

term supply contract for 2 million tons each year,

starting in 1997.

The contract follows a ruling by the Italian

Government that Orimulsion can be used as

power-station fuel in Italy.

The Brindisi South power plant comprises four

660-megawatt generating units, and desulfuriza

tion equipment is currently under construction

there. Orimulsion will be used initially in one of

the units of the power plant for a 6-month period.

Denmark

In January Bitor agreed to supply Danish

electricity generator SK Power 7.5 million tonnes

of Orimulsion boiler fuel for use at its Asnaes

plant on the Danish Island of Zeeland. The plant

has used 900,000 tonnes of the Venezuelan

heavy oil/water emulsion fuel since 1994, when it

became the first European plant outside the

United Kingdom to burn Orimulsion. The new

contract will involve delivery of 1 million tonnes

per year of Orimulsion beginning in 1997.

United Kingdom

Bitor is negotiating a contract with National

Power Pic. to supply 3 to 4 million tons per year

of Orimulsion fuel for its Pembroke power station

in SouthWales (see related article in this issue).

Lithuania

Lithuania is also taking an interest in the

Venezuelan fuel. The Lithuanian Government

signed a 3-year agreement with Bitor in January.

Lithuania will pay $34 per ton for contracted sup

plies of Orimulsion.

Some 25,500 tons of Orimulsion fuel will be sup

plied to the Elektrenai power plant, as part of a

test program for the heavy fuel. If the trials prove

productive, the government expects to approve a

5-year supply deal in which Bitor supplies

Lithuania with 235,000 tons of Orimulsion up to

the year 2000, and an additional 550,000 tons of

Orimulsion between 2000 and 2012.

Orimulsion will be used to operate one turbine at

Elektrenai, at a minimum output of 60 megawatts,

for 2 months. The trial run is intended to test the

fuel at output levels of between 60 and

150 megawatts.

Energy officials said the cost of using Orimulsion

fuel is expected to be 30 to 35 percent cheaper,

respectively, than importing bitumen or coal from
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Russia, a factor over-riding environmental con

cerns about the high sulfur content of the heavy
fuel.

Bitor also is negotiating the sale of Orimulsion

fuel to Estonia and Latvia.

Taiwan

Bitor will soon sign a deal to sell 3.4 million tons

per year of Orimulsion to Taiwan.

Orimulsion will be the sole fuel of a powerplant to

be built by a group led by Intergen at Lizhe in the
Suao region on Taiwan's east coast. Sales will

begin in 2000.

The Lizhe plant will have an installed generating

capacity of 1.5 million kilowatts involving two

units of 750,000 kilowatts each. One of the units

will begin operations about mid-2000 and the

second by the end of that year.

Bitor will supply those units about 3.4 million tons

per year of Orimulsion for 25 years exported from

the Jose terminal in Anzoategui State, eastern

Venezuela. It will be the largest supply contract

of Orimulsion in the Asia-Pacific region.

Thailand

The Electricity Authority of Thailand has com

pleted a feasibility study which showed using

Orimulsion is 3 percent cheaper than building a

coal-fired plant equipped with desulfurization

scrubbers and 17 percent lower than using

natural gas.

The prices include equipping the Orimulsion

plant with flue gas desulfurization systems. The

study was based on building six 700-megawatt

Orimulsion powerplants.

####

ORINOCO DEVELOPMENT STRATEGY

MOVES FORWARD WITH LARGE JOINT

VENTURES

Petroleos de Venezuela S.A. (PDVSA) currently is

engaged in an ambitious new agenda which in

cludes granting profit-sharing contracts to private

domestic and foreign oil companies to par

ticipate in the development of new areas.

The Orinoco Oil Belt contains reserves of heavy
and extra-heavy crudes and bitumens estimated

at 1.2 trillion barrels, of which some 270 billion

barrels are recoverable with the use of today's

technology. However, those massive reserves of

hard-to-market heavy crudes and bitumens in the
Belt have posed a major challenge for PDVSA.

The Corporation has approached the develop
ment task on two fronts: negotiating strategic

associations with foreign oil companies to exploit

and upgrade the recoverable resources, and con

verting the bitumen into a new fuel called Orimul

sion that is used in electricity generating plants.

As a result of the PDVSA's broad-ranging busi

ness plan, Maraven, a subsidiary of PDVSA, has

worked out two major development projects in

partnership with several international companies.

One of these strategic associations is a

$1.5 billion deal with Conoco to produce ap

proximately 120,000 barrels per day of extra-

heavy crude from the Belt. That crude will be

upgraded in Venezuela to a lighter synthetic

crude using Conoco's delayed coking technol

ogy. A similar production and upgrading project

involving Maraven, Total, Itochu and Marubeni

also is ready to go onstream.

Separately, a letter of intent has been signed for

a third development project in the Belt that will

bring Corpoven and ARCO International Oil and

Gas Company in a strategic association to

produce some 200,000 barrels per day of

medium-grade crudes. The $3.5 billion joint-

venture is expected to begin production by 2000.
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A letter of intent has also been signed for a fourth

project involving a partnership between Lagoven

and Mobil to produce 100,000 barrels per day
from the Eastern region of the Belt.

By the year 2003, PDVSA hopes to have the

capacity to produce some 4.5 million barrels per

day (b/d), up from the current 2.6 million b/d.

Some 300,000 b/d of the increased output is ex

pected to come from the Orinoco Oil Belt.

The Venezuelan Government has approved a

joint-venture between Bitumenes de Orinoco

(Bitor) and Conoco Inc. to build a $320 million

plant to manufacture the Orimulsion boiler fuel.

Bitor will hold a 40 percent stake and Conoco a

30 percent stake. Norway's Statoil A/S will con

trol another 20 percent of the project, with the

remaining 10 percent in the hands of a consor

tium of Venezuelan engineering companies, Dis-

tral Termina and Jantesa. The plant will produce

5 million tons of Orimulsion per year.

####

FOUNTAIN OILABSORBS

ELECTROMAGNETIC OIL RECOVERY

Fountain Oil Incorporated's activities over the last

year were highlighted in the company's 1995An

nualReport.

The companywas formed in Delaware in Decem

ber 1994 when EORI (Electromagnetic Oil

Recovery Inc., an Oklahoma corporation) effec

tively reincorporated in Delaware through the

merger of EORI with and into Fountain. Since

the merger, the company has focused on build

ing its management team.

During February and March 1995, Fountain Oil

raised approximately $10.3 million from the sale

of common stock and warrants to European in

vestors, many from Norway and Great Britain.

The annual report summarizes the progress

made on the Electrically Enhanced Oil Recovery

(EEOR) technology over the last year. This

proprietary technology was developed and

patented by EORI prior to the 1994 merger with

Fountain Oil.

EEOR is an innovative method for stimulating
production of heavy oil and paraffinic oil by
electrically heating the reservoir in the near

wellbore, thereby lowering the viscosity of the oil

(See Figure 1
.)

In its present form, it is designed

for stimulation of single vertical wells, but exten

sions to horizontal wells and multiple wells are

under development.

According to O. Nyberg, Fountain Oil's president,
the technology has many advantages compared
to other alternative thermal methods:

- Energy efficient and economical

- Environmentally clean

- No practical depth limits

- No interruption of production

- Suitable in extremely cold climates

- Improves the effect of other enhanced oil

recovery processes

The technology has been validated through a

number of projects and is continually being im

proved. Application of the technology has

resulted in an increase in production by a factor
of 2 to 3 times.

In addition to reservoir heating, EOR International

also offers tubing heating. In many fields, produc

tion problems occur because of deposits of paraf

fins or asphaltenes in the production tubing,

necessitating scraping, flushing with hot oil or

other remedies interrupting production. Electric

heating of the tubing addresses these problems

without stopping production.

In 1995 the latest generation of reservoir heating
equipment was installed in the Frog Lake area in

Alberta, Canada, and demonstrated its reliability.

Another set of equipment, both for reservoir heat-

THE SYNTHETIC FUELS REPORT, APRIL 1996

38



 



OIL SANDS

FIGURE 1

SCHEMATIC DIAGRAM

OF EEOR SYSTEM

ing and tubing heating, was delivered to China

for installation in the Liaohe oil field and is ex

pected to be activated in the spring of 1996.

The technology is at present at the late-

development/early-commercial stage. To

provide a fully commercial product for the size of

market anticipated, the company plans to

demonstrate and test the single-well reservoir

heating technology through installations in

Fountain's own wells throughout 1996. This will

allow thorough monitoring and documentation of

performance, providing valuable data for

marketing/promotion purposes and for identifica

tion and testing of desirable improvements.

Full commercial application of the EEOR technol

ogy is targeted for this year.

####

GOVERNMENT

HEAVY OIL/ENHANCED RECOVERY/OIL

SANDS DATABASE AVAILABLE

The Alberta Oil Sands Information Services

(AOSIS) was established in 1975. Its mandate

was to acquire, organize, and supply public infor

mation on Canadian and international oil sands

development to parties interested in oil sands

research. The result was the Alberta Oil Sands

Index (AOSI), a bibliographic database of over

15,000 records. In 1982 the mandate was ex

tended to include Canadian information on heavy
oil and enhanced oil recovery. A new database,

the Heavy Oil/Enhanced Recovery Index (HERI),

was created.

In October 1995, AOSI and HERI merged to form

one database, HERO (Heavy Oil/Enhanced

Recovery/Oil Sands), which covers such sub

jects as fundamental research, geology, explora

tion, recovery, upgrading, transportation, market

ing, and history. Information for HERO is ac

quired from technical journals, reports, patents

books, and theses.

HERO contains over 25,000 records and is grow

ing at the rate of at least 100 records per month.

Abstracts and reference information for the latest

material entered into HERO is available through

39
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the biweekly AOSIS Current Awareness Bulletin.

The database is accessed by contacting AOSIS

at 403 427 8382 or 403 297 3631 .

require use of large surface areas for the curing
over a long period of time due to the required

leach efficiencies.

####

TECHNOLOGY

SOLV-EX PATENTS MINERAL LEACHING

METHOD FOR OIL SANDS

The recently patented process provides a

method of continuous operation of acid mixing,

curing and leaching circuits for removal of valu

able minerals from dry fines of oil sand tailings

from crushed ore or mine operations. The fines

from Athabasca, Canada, will contain valuable

minerals including potassium, aluminum, sulfur

and bitumen.

Solv-Ex Corporation has been granted United

States Patent Number 5,387,276 for a method of

leaching valuable minerals from oil sand tailings.

In the past, curing and leaching of the dry fines

produced from mine tailings was carried out by
batchwise mixing of acid with dry fines and then

curing in boxes, heaps or thin layers. The batch

curing system and percolation leach techniques

Figure 1 is a sketch of the overall process of the

invention. Figure 2 is a cross-sectional view of

the drum of Figure 1 along Line 2-2 and repre

sents the unusual effect of the action in the rotary

drum.

The dry fines, containing less than 12 percent

water by weight, are fed continuously with con

centrated (>93 percent byweight) sulfuric acid,

FIGURE 1

SOLV-EX PROCESS FOR LEACHING MINERALS FROM OIL SANDS TAILINGS
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FIGURE 2

CROSS-SECTIONAL VIEW

OF ROTARY DRUM

DRUM ROTATION

ENCAPSULATION OF

HEATED AGGLOMERATES
BY A HEATED SKIN

RENEWING ITSELF

SOURCE: U.S. PATENT NO. 5,387,276

with or without a spray of water, into a rotary
drum agglomerator. The volume of the ag

glomerates within the rotary drum is a maximum

of 30 percent, to avoid problems of the fines

mixing with acid and sticking on the drum sur

faces. The mixing action occurs in the tumbling
agglomerates. In the case of fine oil sand tailings

from ore bodies originating in Athabasca,

Canada, the mixing period is approximately

15 minutes.

The dissolution of alumina values in sulfuric acid

is highly exothermic but the temperature rise is

balanced by the evaporation of water. External

heat is needed to overcome these equilibrium

conditions. Thus, this mixed bed of ag

glomerates is fed to a heated drum. This can be

done by feeding the agglomerates to a separate

indirectly heated rotary drum or along an in

directly heated section of the same drum. The

size of the agglomerates does not appear to af

fect the curing time or the leachability of the

mineral values. The residence time and tempera

ture in the cure section varies with the mineralogi

es! characteristics of the ore body. In the case of

fines originating in Athabasca, Canada, wherein

aluminum values are of prime importance, the

exit temperature of the pellets from the heated

drum is between 170 to 200C with a residence

time of 30 minutes within the heated drum.

The cured agglomerates are continuously dis

charged into a water/leach liquor bath with the

slurry discharged continuously via one or more

thickeners in series in order to recover the

mineral values. This counterwash of acid treated

fines produces clean washed fines and pregnant

leach liquor containing the mineral values ob

tained from acid treating the fines. The washed

fines may then be alkali treated to neutralize the

filter cake or slurry for backfill.

The advantages cited for the patented process

include:

- It provides a continuous operation of an

entire process for leaching mineral

values from oil sand tailings.

- It reduces the steps necessary to leach

out mineral values from oil sand tailings

while producing a cake residue suitable

for direct backfill or via a settling pond.

- It reduces the size of the required

processing plant and the required

residence time of the material being
processed to a couple of hours rather

than a day or more.

- The stickiness of acid-mixed fines to the

processing equipment is reduced be

cause it allows for use of a bed of ag

glomerates to improve the mixing action

about the surfaces of the mixing equip

ment.

- Indirect heating of the acid-mixed fines

allows for the reaction to proceed rapidly

while retaining the water needed to

promote the reaction and a volume of

heated agglomerates continuously

proceeds to a discharge area while the

reaction is being completed.

####
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COMBUSTION CHARACTERISTICS OF

BITUMEN EMULSIONS TESTED

H. Whaley et al., of the Advanced Combustion

Technologies group of Canada Centre for

Mineral and Energy Technology, discussed the

combustion and heat transfer characteristics of

bitumen-based water emulsions at the 1995 Inter

national Joint Power Generation Conference held

in Minneapolis, Minnesota, last October.

The overall objective of this research was to es

tablish if emulsions, derived from Western

Canadian bitumen feedstocks, could be used

directly as fuels for industrial and utility boilers

and process combustors.

Each of the five test fuels was made from West

ern Canadian bitumen feedstocks and included

two fuels made from partially refined residues, BP

Transoil, which was developed primarily for

pipeline transportation/refueling with combustion

application as secondary issue, and a bitumen

dispersion. The fuels were compared with No. 6

fuel oil.

Results

In Table 1 it can be seen that the emissions of

soot and S02 were higher for bitumens than for

No. 6 fuel oil and would require appropriate col

lection equipment. However, NOx emissions

were comparable with heavy oil using the same

burner system. It is possible that increased soot

generation could result in impacts on boiler heat

transfer surfaces, necessitating an increased fre

quency of soot-blowing.

In general, the bitumen emulsions behaved much

as No. 6 fuel oil in terms of the0 depletion and

CO, generation in the flame. In general, except

in the vicinity of the burner, the temperatures for

the bitumen emulsions were lower than the fuel

oil flames, possibly due to the higher moisture

content of the former. Despite the wide variation

of gas temperatures and concentrations, there

was no significant difference in the measured

heat flux or heat absorbed.

The results of the combustion trials using lime

stone for SO. reduction are given in Table 2. The

reference fuel oil contained 2.3 percent sulfur and

the bitumen emulsion fuel contained 5.2 percent

sulfur.

The percentage reduction of S02 in the flue gas,

through the utilization of limestone (40 percent

Ca) as a sorption reagent in the combustion of

bitumen emulsion and No. 6 fuel oil, was quite

similar (based on the Ca/S ratio). That is, with a

Ca/S ratio of 1.4 in the bitumen emulsion, the

SO, in the flue gas was reduced by 16 percent,

while a ratio of 1 .3 in the No. 6 fuel oil reduced

the flue gas SO, by 10 percent. The higher sulfur

content of the bitumen emulsion (5.2 percent S)
required about twice the quantity of limestone as

the No. 6 fuel oil (2.3 percent S) in order to obtain

the same percent reduction in SO,. These tests

were only preliminary, using a provisional feeding
system. It is expected that more definitive results

could be obtained if a permanent sorbent feeder

was designed and a steady test period estab

lished.

Conclusions

The following conclusions were drawn from this

research program:

- Bitumen emulsions can be successfully

burned with good combustion perfor

mance.

- They can be handled more easily than

commercial-grade heavy fuel oil because

there is no requirement for fuel preheat.

- Emulsions made from partially refined

bitumens or residues typically gave rise

to problems in handling, combustion

quality and soot emissions. In one case

the soot emissions were about 5 times

those of heavy fuel oil.

- An externally atomized burner,

developed by CANMET for slurry fuels at

feed rate up to 2 million BTU per hour,
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TABLE 1

COMBUSTION CHARACTERISTICS OF BITUMEN EMULSIONS

Partially BP Partially
No. 6 Refined Resources Refined

Fuel Oil Residue Transoil Residue

Fuel

Moisture, wt.% 0.10 28.95 35.00 32.1

Row Rate, kg/h 37.7 52.4 64.1 63.2

Thermal Input, MJ/h 1,620 1,544 1,635 1,760

Temperature,C

At Tank Outlet 64 61 50 20

At Burner 104 82 60 46

Atomizing Air

Flow Rate, kg/h at NTP 20.6 15.0 30.0 32.7

Temperature at Burner,C 131 133 142 88

Pressure at Burner, kPa 324 241 496 503

Combustion Air

Flow Rate, kg/h at NTP 454 422 435 499

Temperature at Burner,C 41 41 34 42

Total Thermal Heat Transfer, kW 315.3 304.4 312.9 333.0

Total
W/cm2

of Thermal Surface 2.42 2.34 2.39 2.56

Heat Transfer Rate, kW/MJ of

Fuel Input 0.195 0.197 0.191 0.189

Percent of Thermal Fuel Input

Extracted in Thermal Plates 70.1 71.0 68.8 68.1

Flue Gas

Temperature,C 456 458 457 494

Row Rate, Nm3/MJ of fuel 0.274 0.275 0.296 0.272

Particulate Loading,
g/Nm3

0.075 0.130 0.090 0.355

Flue Gas Analyses, Vol. Basis

0,% 3.2 2.9 3.2 3.0

co2,% 13.3 13.6 13.2 13.5

CO, ppm 47 69 28 135

NO, ppm 274 268 281 213

S02, ppm 779 2,785 2,520 3,466

Flue Gas Emission,

g/MJ of Fuel

NO 0.101 0.099 0.171 0.078

so2
0.611 2.191 3.278 2.697

Particulate 0.021 0.036 0.041 0.097
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TABLE 2

UMESTONE INJECTION: S02 REDUCTION DATA

Limestone % Reduction

Feed Rate Ca/S of SCX in

Flue GasFuel kg/h Ratio

No. 6 Fuel Oil 1.61 0.89 8.4

(35.8 kg/h) 3.19 1.26 10.2

(2.26% S) 4.79 1.89 13.4

Bitumen Emulsion 8.32 1.4 16.2

(52.4 kg/h) 16.62 2.8 26.4

(5.18% S, dry) 24.96 4.2 33.2

was successful, and commercial heavy
fuel oil burners should have no difficulty

burning the fuel at their much higher feed

rates in boilers and combustors.

The combustion and heat transfer perfor

mance of the emulsions is similar to that

of heavy fuel oil.

####

SCREW PUMPS SUCCESSFUL IN PUMPING

ORINOCO BITUMEN

The use of screw pumps for the transport of

Orinoco bitumen was reviewed in an article by
J. Brennan in the March 1995 issue of Pipeline

andGas Journal.

Orinoco bitumen has a gravity ranging from 7.5

to 9.5 API and a viscosity of 1.5 million Sayboit

Seconds Universal (SSU) at 77F. While it is pos

sible to pump liquids with this extremely high vis

cosity, it is economically impractical because

enormous energy levels are required to over

come pipeline friction over required distances.

Orimulsion, developed by Intevep S.A., the

research branch of Petroleos de Venezuela SA.

(PDVSA), is an emulsion of approximately

30 percent water and 70 percent bitumen (with

proprietary additives), which can be pipelined,

tankered, tank farm stored, and burned.

Orimulsion is non-Newtonian and exhibits an ap

parent viscosity change with change in shear

rate, and with time at a given shear rate, as well

as temperature. Bitumen droplet size distribution

and weight percent also affects apparent vis

cosity. As formulated, Orimulsion approximates

the apparent viscosity characteristics shown in

Table 1.

Production of Orimulsion

Orimulsion is produced in the MPE-1 (Modulo de

Produccion y Emulsificacion) plant in Morichal,

Cerro Negro sector, in the State of Monagas.

Current capacity is 5 million tonnes per year and

an existing 70-kilometer, 24-inch pipeline

transports it to Punta Cuchillo terminal on the

Orinoco River. Some 2 million tonnes per year

are shipped via this route. Prime movers, which

have been used for many years, for this facility
are multiple screw pumps.
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TABLE 1

PROPERTIES OF ORIMULSION

Temperature, F 41 86 122 158

Shear Rate, 1/s 20 20 100 100

Viscosity, SSU 5,100 3,250 2,100 1,160

Viscosity, cps 1,100 700 450 250

A new, 300-kilometer pipeline system extending
from MPE-1 to an offshore tanker loading facility
near Puerto La Cruz was slated for startup in late

1994. By the year 2001 , plans call for 20 million

tonnes per year of Orimulsion to be flowing from
MPE-1

, 2, 3, and 4 to a marine loading buoy lo
cated 8 kilometers offshore.

Pump Selection

Choices for pump selections were reciprocating,

centrifugal, or rotary screw. Reciprocating
pumps were excluded early in the evaluation

process due to cost, availability of sizes and sig

nificantly high rates of shear that would be im

posed on the Orimulsion during pumping.

Centrifugal pumps, also known to be high in

shear, were evaluated because their initial cost is

usually reasonable.

At a worst case Newtonian condition of

4,500 SSU, centrifugal pump operating efficiency

was estimated to be only 32 percent. Even the

most favorable conditions of 1,000 SSU would

result in a centrifugal pump efficiency of only

60 percent. The efficiency of a rotary screw

pumpwas calculated to be 75 percent.

Each pump would deliver the hydraulic equiv

alent of 790 horsepower into the pipeline. Operat

ing two pumps on a nearly continuous 24-hour

per day schedule, the best case centrifugal pump
conditions would require 3.3 million kilowatt-

hours per year more power than screw pumps.

Clearly, substantial energy savings were realized

by using rotary screw pumps. Ancillary savings
were realized in the size of starters and power

cable runs required with this type of pump. Also,
larger motors would be necessary with

centrifugal pumps.

Pumping Operations

Operated by Corpoven, S.A., a PDVSA affiliate,

the three pipeline pumps at Patio de Tanques de

Oficina (PTO) near San Tome, 100 kilometers

north of the Orinoco River, are Warren design,

rotary, two-screw positive displacement types.

They have timing gears and bearings external to

the pumpage and separately lubricated. Each

pump has a rated capacity of 2,552 gallons per

minute at a differential pressure of 531 psi and a

pumping viscosity range of 1,000 to 4,500 SSU.

Net positive suction head available to these

pumps is only 10 feet of 1.0049 specific gravity
Orimulsion. Pumping temperature is nominally

77F. The pumps are driven by 4,000-volt, 60-Hz,

3-phase, 1 ,250-horsepower induction electric

motors at 1 ,200 rpm.

An overall efficiency of 78 to 82 percent at rated

conditions is achieved with a volumetric ef

ficiency of 94 percent. Units can be operated

singly or two simultaneously with the third unit

acting as a standby.

Fifteen other two-screw pumps are used in the

Jose terminal complex. These have the same

casing size and basic design as the PTO pumps.
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Each is rated at 2,917 gallons per minute delivery
rates at a pressure of 275 psi.

No difficulties in operations have been ex

perienced in transporting Orimulsion fuel with

this type of pump.

####

COPROCESSING WITH COAL INCREASES

LIGHT OIL YIELDS FROM BITUMEN

The coprocessing of oil sand bitumen with coal

has been considered as a promising process in

terms of advantages such as the utilization of

hydrogen-rich bitumen, the removal of high con

centrations of sulfur and heavy metals present in

bitumen, the reduction of capital cost and/or

operating cost by the lowering or elimination of

recycle solvents, and the production of higher

yield of light oil. The hydrogen transfer between

coal and solvent is believed to play an important

role in the coprocessing.

The mechanism of synergistic interaction be

tween bitumen and coal in coprocessing was in

vestigated by T. Yoshida et al. of the Hokkaido

National Industrial Research Institute, Japan, and

summarized in Energy & Fuels 1995, Volume 9.

Two types of reaction systems were studied: the

upgrading of bitumen and coal-derived oil, and

the coprocessing of bitumen with either coal-

derived oil or coal. Coal-derived oil is a good

hydrogen donor, and the role of transferable

hydrogen in the coprocessing could be

elucidated by the addition of coal-derived oil in

stead of coal. Based on these experimental

results, the role of coal in the coprocessing of

bitumen/coal could be determined.

The coprocessing of bitumen with either coal-

derived oil or coal was performed by use of a 0.1-

ton per day continuous bench-scale test plant. A

block flow diagram of the coprocessing process

is shown in Figure 1.

FIGURE 1
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Upgrading Characteristics of Bitumen

A relatively high reaction temperature of 450C

was used to investigate the retrogressive reaction

of bitumen and the addition effect of coal-derived

oil or coal on the suppression of the reaction.

Figure 2 shows the change in the composition of

bitumen by upgrading and coprocessing with

coal-derived oil at 430 and 450C, respectively.

The amounts of naphtha plus middle fractions

(light oil fraction) and heavy fraction in the raw

bitumen were 16.8 and 56.5 weight percent,

respectively, and the amount of distillable oil

(boiling point <538C) was 73.3 weight percent.

When the bitumen was upgraded at 430C under

hydrogen pressure, the heavy and asphaltene

fractions were decreased and the light oil fraction

was increased (33 weight percent), although the

yield of distillable oil in the product was almost

unchanged. This shows that the composition of

bitumen was shifted to lighter products by the

upgrading.

At 450C, however, the yield of distillable oil in

the upgraded bitumen was reduced from 73.3 to

60 percent weight and the pitch fraction was
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FIGURE 2

CHANGE IN COMPOSITION

OF BITUMEN BY UPGRADING

AND COPROCESSING

WITH COAL-DERIVED OIL
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remarkably increased. This result strongly sug

gests that the retrogressive reaction, which is sen

sitive to reaction temperatures, occurred con

siderably in the upgrading of bitumen at 450C.

The difference in the upgrading behavior of

bitumen between 430 and 450C is probably re

lated to both the thermal decomposition rate of

bitumen and the diffusion rate of hydrogen from

bitumen itself.

Coprocessing of BitumenWith Coal-Derived

Oil

When the bitumen was coprocessed with a given

amount of coal-derived oil at 450C, the yield of

distillable oil in the product was restored to al

most the same level as that in the raw bitumen,
and the pitch fraction was significantly
decreased.

No retrogressive reaction took place in the

coprocessing of bitumen with coal-derived oil at

430 or 450C. Thus, the addition of coal-derived
oil is effective for the suppression of retrogressive

reaction of bitumen. Approximately 10 weight

percent of coal-derived oil is necessary to avoid

the retrogressive reaction of bitumen under the

coprocessing conditions tested. The yield of

light oil fraction was also enhanced in the

coprocessing, indicating that the addition of coal-

derived oil promotes the decomposition of the

heavy fraction of bitumen to produce a lighter oil
fraction.

Coprocessing of Bitumen With Coal

As the concentration of coal in the slurry feed of

bitumen/coal was increased, the yield of distill

able oil in the coprocessed products was in

creased by the addition of coal up to 10 weight

percent and then decreased with the further in

crease in the concentration of coal. According to

the authors, the apparent enhancement of distill

able oil in coprocessing is mainly due to the sup

pression of the retrogressive reaction, which oc

curred in the upgrading of bitumen alone and/or

to the promotion of decomposition of bitumen

pitch, not due to the formation of oil from coal.

The coal as well as coal-derived oil probably acts

as a hydrogen donor or shuttler in coprocessing.

The gas yield and hydrogen consumption of

bitumen were much higher than those of coal

and increased with an increase in the concentra

tion of coal. A drop in gas yield at coal con

centration of 5 weight percent results from sup

pression of the retrogressive reaction observed

in the upgrading of bitumen alone. This result
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agrees with the previous discussion that the coal

and coal-derived oil act as hydrogen donors in

coprocessing.

The conversion of coal to toluene solubles

gradually increased and went up to about

80 weight percent as the coal concentration in

the slurry feed increased to more than 20 weight

percent. When the concentration of coal is small,

most of the transferable hydrogen from coal or

coal-derived products, such as coal pitch and

asphaltene, which are also good hydrogen

donors or hydrogen shuttlers, would be con

sumed for the hydrocracking of bitumen. Hence

the transferable hydrogen is less available for the

decomposition of coal. When the concentration

of coal is higher, larger amounts of coal-derived

products are produced in the reaction system,

resulting in higher yield of light oil.

Finally, the hydrogen utilization efficiency for the

production of light oil decreased with an increase

in the concentration of coal, whereas the ef

ficiency for the distillable oil fraction was the

highest at a coal concentration of 10 weight per

cent. For both fractions, the efficiencies at coal

concentrations of less than 20 weight percent

were comparable or higher than that in the

upgrading of bitumen alone. In terms of the

production of oil, it is therefore concluded that

the coprocessing of bitumen with less than

20 weight percent of coal is more economical

than the upgrading of bitumen alone.

####

TRONA COULD REPLACE SODIUM

HYDROXIDE IN HOTWATER PROCESS

Sodium hydroxide (NaOH) has been the process

aid of choice for the recovery of Athabasca

bitumen from mined oil sands using the hotwater

extraction process. The significant reduction in

NaOH production in recent years has caused its

price to escalate.

Attempts have been made in the past to seek

NaOH replacements. Chemicals which have

been tested as process aids in the hot water ex

traction process include sodium carbonate

(Na?C03), sodium bicarbonate (NaHC03),
sodium silicate (Na2Si03) and ammonium

hydroxide (NH4OH), and though not as strong as

NaOH, have been shown to be quite effective.

Trona, a mineral which contains over 90 percent

of a mixture of sodium carbonate and bicar

bonate, is much cheaper than sodium hydroxide

and chemical grade alkalines, and was evaluated

as a substitute for sodium hydroxide in the hot

water process. Q. Dai of CYTEC Industries and

K. Chung of Syncrude Canada Ltd. reported on

this study in the January 1996 issue of The Jour

nal ofCanadian Petroleum Technology.

Processibility tests using trona as the process aid

were carried out in a batch extraction unit under

the standard procedure at 80C. Both an

average-grade and low-grade oil sands were

used in the tests. It is known that when process

ing high-grade oil sands, no process aids are

needed to obtain the ultimate recovery. There

fore, high-grade oil sands were excluded from

this study.

Trona solutions of various concentrations were

prepared by dissolving the dry trona in deionized

water. For comparison purposes, a set of tests

was also carried out using NaOH (1 N solution) as

the process aid. The alkalinity of trona resembles

that of Na2C03.

Figures 1 and 2 compare the primary and total

recoveries as a function of the dosage of process

aids, trona and NaOH, for the average-grade and

low-grade oil sands, respectively. In the case of

NaOH, the trend of the primary recovery curves

is typical for an average-grade and low-grade oil

sands; these show a maximum at the optimum

dosage of NaOH. When trona was used as the

process aid, the primary recovery gradually in

creased as the dosage of trona was increased.

To achieve the same maximum primary

recoveries of 85 percent for the average-grade oil

sand and 73 percent for the low-grade oil sand,

the dosage of trona required was about 3 to

4 times that of NaOH. It should also be pointed

out that as the dosage of trona increases the
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FIGURE 1
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primary recovery is expected to reach an

asymptotic optimum like that found by using

N^CO,.

Even though the amount and type of process

aids have a strong impact on primary recovery,

they seemed to have only little influence on total

recovery. All the runs with trona and NaOH as

process aids achieved 90 to 95 percent and 75 to

80 percent total recoveries for the average-grade

and low-grade oil sands, respectively.

Primary froth compositions from runs with

process aids, either NaOH or trona, were much

better than that from the runs without process

aid.

Conclusions

The alkalinity and performance of trona

resemble those of Na2C03 as a process
aid for the hotwater process.

Because trona is much cheaper than the

chemical-grade alkalines, it is recom

mended that trona be a potential sub

stitute for NaOH as a process aid for the

hot water process.

####

INTERNATIONAL

ORIMULSION BECOMES THE "FOURTH

FOSSIL
FUEL"

The batch test results showed that trona

provided the same primary and total

recoveries as NaOH at a consumption

level approximately 3 to 4 times that of

NaOH.

Orimulsion, coined the "Fourth Fossil
Fuel,"

is

proving its viability as an alternative to coal and

fuel oil in power generation plants all over the

world. C. Borregales of Bitumenes Orinoco, S.A.,
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Venezuela, discussed Orimulsion's progress at

theWorld Energy Council 16th Congress.

Orimulsion, developed by Petroleos de

Venezuela S.A. (PDVSA), consists of an inverted

emulsion composed of natural bitumen

suspended in fresh water, in a proportion of

70 percent natural bitumen and 30 percent water.

This emulsion is formed by atomizing the

hydrocarbons using mechanical energy, and ad

ding water and chemical surfactants that allow

the bitumen droplets to remain suspended in a

stable mode. The resulting liquid can be easily

handled and transported at normal temperatures

and with standard equipment.

Following the development of a stable emulsion

the technical feasibility was evaluated. A number

of pilot and industrial-scale trials were carried out

to test the handling, flammability and flue gas

properties of this new fuel.

Initial full-scale trials were conducted by the

Central Electricity Generating Board (United

Kingdom) at its Ince Power Station in order to

confirm whether Orimulsion could be used in ex

isting oil-fired power stations. The trials identified

technical changes that would be needed in the

boilers, fuel transport system and other equip

ment and the differences in the nature of the com

bustion products as compared with heavy fuel

oil.

In addition to the trials at Ince, combustion trial

tests have been carried out worldwide. There are

now several commercial operations based on

Orimulsion:

- Canada, New Brunswick Power-

Dalhousie one 250-megawatt and one

100-megawatt both with FGD (Flue Gas

Desulfurization).

- Denmark, SK Power~650-megawatt coal

unit at Asnaes Power Station will be run

at base load on Orimulsion starting

December 1994, and is fitted with FGD.

Orimulsion has also been tested as a feedstock

for the Texaco coal gasification process and as a

fuel for low-speed diesel engines.

According to Borregales, plants fired by Orimul

sion meet all aspects of health, safety and en

vironmental legislation in the countries where it is

used. Moreover, it has significant environmental

advantages compared with other fuel, processing
the best characteristic of heavy fuel oil and coal,

with few of their disadvantages.

The fuel characteristics of Orimulsion are com

pared with those of coal and heavy fuel oil in

Table 1.

Particulates

Particulates, arising from the combustion of fossil

fuels, consist of non-combustible material and in

some cases unbumed carbon.

Orimulsion has now been burned in a number of

plants with precipitators supplied by several con

tractors, and these have all demonstrated

removal efficiencies of better than 90 percent,

thus having dust emissions of about half the

European new plants limit of 50 milligrams per

cubic meter (mg/Nm3). In addition they also

meet the restrictive limit of 1 mg/Nm3, which is in

force in some countries.

The ash from Orimulsion has two features which

differentiate it from ash arising from the combus

tion of coal or heavy fuel oil. The pre-atomized

nature of Orimulsion means that the combustion

is excellent with minimal unburned carbon. Most

power stations will have less than 2 percent un

burned carbon in the ash and in some cases the

carbon is undetectable. This has two environ

mental implications:

- Acid smuts, which are a problem at

some oil-fired power stations, are mini

mized.

- The ash generated from the combustion

of Orimulsion consists of over 98 percent
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TABLE 1

CHARACTERISTICS OF TYPICAL FOSSIL FUELS

Heavy
Coal Orimulsion Fuel Oil

Energy Content (BTU/lb) 11,000-12,000 12,600 18,000
Sulfur (%, w/w) 1.0-1.5 2.7 1.0-3.0
Vanadium (ppm) 280-360 500
Ash (%, w/w) 10-15 0.25 0.10

metal compounds and has the potential

for metal recovery.

SulfurOxides

SO, emissions for new plants in the European

Union, with a thermal capacity of greater than

500 megawatts, are not allowed to exceed

400
mg/Nm3

(this is equivalent to burning a fuel

oil with 0.2 percent sulfur), while in the United

States this limit is 1 ,800 mg/Nm3, in Japan it is

220 mg/Nm3, and in Canada is 740 mg/Nm3.

Sulfur dioxide emissions can be reduced at dif

ferent stages in the combustion process: before,

during or after the combustion.

There is good long-term potential for the efficient

reduction of sulfur dioxide emissions from the

combustion of Orimulsion. Most of the power sta

tions where Orimulsion is and will be used are

coastal, which means that the full range of desul

furization technologies can be used, including
sea water scrubbing. In addition, coastal sites

usually present a cheaper route for the import of

raw materials and the export of products such as

gypsum, sulfuric acid or sulfur.

Nitrogen Oxides

Nitrogen oxides have been identified as contribut

ing to acid rain and ground-level photochemical

smog. In the United States for new and large

boilers, limits vary from 570 to 740
mg/Nm3

and

in the European Union, the limit for new large

combustion plants is in the range of 350 to

1,200 mg/Nm3.

Coal has a relatively high nitrogen content and

this, combined with the higher firing temperature

and longer furnace transit time, means that NO

emissions are higher than oil-fired power sta

tions.

Commercial experience on several boilers has

shown that the NOx emissions from the combus

tion of Orimulsion are similar to, or less than,

emissions arising from the combustion of oil on

the same boiler. This is due to the fact that the

lower flame temperature (due to the water) com

pensates for the slightly higher levels of nitrogen

in the Orimulsion.

The various proven technologies for controlling

and reducing NO can, where necessary, be ap

plied as effectively to Orimulsion as to coal and

oil. Orimulsion has been fired successfully in

Japan on several low NOx burner systems. In

addition it has been fired on a selective catalytic

reduction system on a pilot plant in Japan with

over 90 percent

achieved.

reduction in NO emissions
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Greenhouse Effect

The combustion of Orimulsion produces

20 percent less C02 than coal and slightly less

than fuel oil, when the energy consumption at the

refinery is taken into account. The best preven

tive measure to reduce C02 emission is to in

crease the efficiency of present day technology
in the field of electricity generation. Orimulsion

has already been tested successfully with new

technology, and can thus contribute positively to

lessen any potential enhancement of the

greenhouse effect both by its lower C02 emis

sions and by its encouraging match with more ef

ficient technologies.

Spills

Orimulsion, like most crude oils and related

products, is transported by water. Great care is

taken to ensure that material does not spill into

the marine environment but accidents do hap
pen, and methods have been developed to try to

minimize their environmental impact.

Because the spilled Orimulsion is under the sur

face, wind has minimal effect on the movement

of Orimulsion. This gives more time to initiate a

good and effective spill response.

For most situations the advice for dealing with a

spill of Orimulsion will be to leave it alone. The

material is less toxic to marine life than crude oil

and disperses itself, leading to biodegradation.

In certain circumstances, for example near a fish

farm, it may be necessary to remove or contain

the emulsion.

Orimulsion Economics

Conversion of a plant to Orimulsion, at the ap
proximate cost of US$150 per kilowatt, which

covers pollution control equipment and front-end

modifications to the boiler and ancillary equip

ment, can turn a marginal and high cost

producer, or a mothballed asset, into a plant that

will be competitive to any other alternative, says

Borregales.

For new plants, Orimulsion can also be a com

petitive option depending on fuel's availability,

location and other factors such as supply logis

tics and excise taxes. The cost of a powerplant

will varywidely according to a number of criteria,

such as size of plant, factors specific to the in

dividual site, location within a country or region,

condition of market for generating equipment,

etc. The difference between a coal-fired and an

Orimulsion-fired powerplant is in the material han

dling systems, the boiler facilities, dust collection

facilities and the fluid gas desulfurization facilities.

In general terms, Orimulsion has a competitive

advantage over coal overall; the Orimulsion-fired

plant capital cost is 10 to 15 percent less than for

a coal-fired plant.

Conclusions

Summarizing the results of all the tests, industrial

trials and commercial use of Orimulsion it has

been confirmed that:

- Orimulsion can be handled and burned

easily in powerplants, with full capacity

being achieved after minor modifica

tions.

- Stable storage for terms of more than

1 year has been obtained.

- The conversion of liquid fuel handling

generating units to Orimulsion requires

little adaptation for most conventional

utility boilers.

- Typically, low costs and few physical or

operational changes are required for the

powerplant to effectively accommodate

Orimulsion.

- Boiler deposits due to the ash content of

Orimulsion are easily removed by ade

quate soot blowing, and carbon burn-out

is virtually complete.

- Magnesium added to the fuel during the

emulsification process is adequate to in-
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hibit the high temperature corrosive

potential of the vanadium in the fuel.

Electrostatic precipitators are a satisfac

tory means to capture dust particles for

the reduction of opacity of the plume and

to meet the most restrictive environmen

tal restrictions.

Up to 98 percent desulfurization ef

ficiency can be obtained with several

commercially available FGD processes.

Orimulsion is suitable feedstock for the

integrated gasification combined-cycle

process and yields higher thermal ef

ficiencies than typical coal-water slurries.

Orimulsion can also be used in low-

speed diesel engines.

####

ORIMULSION TRANSPORT PLAN GETS

SAFETYAPPROVAL

The OPEC Bulletin reported that the Venezuelan-

owned BitorAmerica Corporation (BAC) received

a positive review by the United States Coast

Guard of its safety plan for transporting Orimul

sion through Tampa Bay to Port Manatee.

The fuel, a 70:30 emulsion of bitumen in water, is

proposed for use in the Florida Power

Company'sManatee powerplant.

Tampa Port's head cited BAC's commitment to

ensure that vessels which carry Orimulsion into

Tampa Bay will not only meet current United

States requirements and international standards,

but take significant additional steps to reduce the

potential for groundings and collisions.

Measures exceeding present requirements in

clude careful selection of vessels, crews and

operators, high training standards, and use of

double-hulled vessels with vessel size limitations

consistent with guidelines from Tampa Bay
maritime professionals.

####

BRITAIN CLOSES ONE

ORIMULSION-BURNING PLANT BUT PLANS

OTHERS

PowerGen Pic, an electricity provider in Great

Britain, was scheduled to shut down its 360-

megawatt Orimulsion-fired power station located

in Richborough, Kent, by the end of March 1996.

One of the station's three 120-megawatt genera

ting units was put into reserve in March 1994 and

the two remaining units were to be withdrawn in

March.

In January PowerGen reached an out of court

settlement to settle claims of damages resulting

from emissions from its Richborough power sta

tion. The damage followed a malfunction at the

plant 5 years ago, which was reported to have

damaged hundreds of cars. Despite the settle

ment, there was "no admission of
liability"

on the

part of PowerGen. Citroen U.K., Peugeot Talbot

and Gefco U.K. filed the suit in High Court claim

ing PowerGen was negligent in failing to neutral

ize the acidity of the emissions caused by burn

ing Orimulsion.

PowerGen still faces a lawsuit filed by Prudential

Corporation Pic, a British insurance company,

last year for pollution damage to crops on a

nearby farm it owns. That case is scheduled to

go before the High Court in June. PowerGen

said it is closing the Richborough plant for

economic reasons, which had nothing to do with

the lawsuits.

However, even as PowerGen let its contract for

300,000 tonnes per year of Orimulsion for Rich

borough expire at the end of December, it is

making plans to expand Orimulsion imports

(because it is less expensive than coal or oil).
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PowerGen still burns 1.1 million tonnes per year

of Orimulsion in its Ince power station in

northwest England on a contract through 1997.

National Power Pic, PowerGen's competitor,

plans to convert its 2,000-megawatt oil-fired

Pembroke plant inWales to Orimulsion and plans

to install flue gas desulfurization, low NOx bur

ners and electrostatic precipitators. National

Power has received provisional approval of a

$630 million refurbishment plan for Pembroke.

Venezuela's Bitumenes del Orinoco, a subsidiary

of state oil company Petroleos de Venezuela

S.A., is negotiating a new contract to supply Na

tional Power with 3 to 4 million tons per year of

Orimulsion fuel.

A challenge to the British Government's decision

to allow Orimulsion fuel to be burned in the

Pembroke power station in South Wales was

thrown out by London's High Court.

A resident of Pembroke Dock who suffers from

cystic fibrosis claimed he lives close enough to

the plant for his condition to be aggravated by
pollution increases if plans to burn the fuel

proceed.

####
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PROJECT ACTIVITIES

GREAT PLAINS RALLIES SUPPORT FOR

MAJOR NEW LEGAL CHALLENGE

Faced with an unfavorable federal regulatory deci

sion, Basin Electric and Dakota Gasification Com

pany (DGC) are working hard to keep that action

from eventually closing DGC's Great Plains Syn

fuels Plant near Beulah, North Dakota.

At Issue is a preliminary decision by Federal

Energy Regulatory Commission (FERC) Ad

ministrative Law Judge M. Levant. Late last year

he overturned 1994 contract settlements among

DGC, United States Department of Energy (DOE)
and pipeline companies that buy synthetic gas

from DGC's Great Plains coal gasification plant.

(See Sinor Synthetic Fuels Report January 1996,

page 4-5.)

North Dakota's Congressional delegation,

Senators K. Conrad and B. Dorgan and Represen

tative E. Pomeroy, have begun spearheading the

effort to nullify the decision, either through con

tact with the DOE or an appeal through the

courts. North Dakota officials, including Gover

nor E. Schafer, also have indicated strong sup

port for the synfuels plant, according to DGC.

Dakota Gasification Company and its partners

filed exceptions in late January to the FERC or

der of retroactive payments to consumer

ratepayers. The DOE filed a separate response.

As part of the exceptions filed with FERC, DGC

argued that Levant:

- Erred in his finding that there are "truly
exceptional

circumstances"

to reopen

Opinion 119. FERC's Opinion 119 con

tained a phrase that the commission

could revise previous orders based on

"greatly changed (truly exceptional)
circumstances."

- Has no authority to order a retroactive

refund under FERC rules governing this

type of complaint proceeding. So if

there are any rate changes ordered by
FERC, they must be prospective from

the date of a final FERC order, not

retroactive to 1993 as ordered by Levant.

- Did not adequately consider the harm his

decision could inflict on North Dakota

and its residents. A study has found the

plant's direct and indirect economic

benefits to be $494 million per year in

North Dakota.

- Made no adequate justification for the

new price or transportation rate ordered

in his December decision.

DOE in its response to Levant's finding told

FERC the contract settlements are prudent be

cause they resolve long-term court disputes,

reform high priced gas contracts in today's com

petitive market, provide a long-term source of

gas at market based prices, protect the financial

and energy policy interests of DOE and tax

payers, and coincide with previous FERC policy

and decisions.

DOE also re-asserted the public interest in the

Great Plains project through the settlements that

provide long-term, reliable supplies of natural

gas, continued operation of the plant, and con

tinued development of innovative technologies.

"By keeping the plant operational, the technologi

cal, environmental, and energy security and diver

sity concerns that prompted the government's

support for the Great Plains project will continue

to be
addressed,"

DOE said.

####

PINON PINE PROJECT ON TRACK FOR

STARTUP THIS YEAR

Last October at the Conference on New Power

Generation Technology held in San Francisco,

California, J. Motter, of Sierra Pacific Power Com

pany, updated the status of the Pinon Pine In-

THE SYNTHETIC FUELS REPORT, APRIL 1996

55



 



COAL

tegrated Coal Gasification Combined-Cycle

(IGCC) project.

Sierra Pacific Power Company (SPPC) is building
the demonstration powerplant under Round IV of

the United States Department of Energy (DOE)
Clean Coal Technology Program. The project is

under construction at Sierra's existing Tracy
powerplant site located 20 miles east of Reno,

Nevada.

Technology

The Pinon Pine project integrates a number of

technologies fostered by the DOE, including
Kellogg-Rust-Westinghouse (KRW) Energy Sys

tems fluidized-bed ash-agglomerating gasifier, in-

bed desulfurization using limestone sorbent, and

a proprietary zinc oxide-based (Phillips Z-Sorb)
sulfur removal sorbent for the hot gas stream.

Ash particles will be removed from the gases leav

ing the gasifier by a combination of cyclones and

ceramic filters. The cleaned gas will be burned in

a combustion turbine to generate one source of

electricity. Exhaust gas from the turbine will be

used to produce steam to drive a steam turbine

generator to produce a second source of

electricity. Together, the two generators will

produce approximately 107 megawatts (gross) of

electricity.

The demonstration of the advanced IGCC tech

nology will include integration of the gasifier with

a combined cycle powerplant. This step is neces

sary in order to prove adequacy of integrated

control concepts and measure actual perfor

mance of a complete power generation system

on a utility grid.

Project Status

The federally cost-shared portions of the Pinon

Pine Power project are scheduled to take

96 months, including construction, startup and a
42-month demonstration phase, at a total project

cost of $308 million. SPPC and DOE will share

equally in project costs. After the DOE

demonstration period, Sierra will continue to util

ize the plant for electric power generation to

meet its
customers'

needs; expected plant life

will be in excess of 20 years.

After extensive environmental reviews, construc

tion began in February 1995. SPPC expects to

have the plant commissioned by late 1996 to

meet load requirements, as well as to utilize Inter

nal Revenue Code (Section 29) tax credits. The

demonstration period will run from February 1997
until August 2000.

According to Motter, construction at the site is

progressing well and is on track for a late 1996

completion.

Commercialization

The M.W. Kellogg Company and FosterWheeler

USA have entered into a Licensing Agreement to

commercialize the KRW gasification technology
that is being demonstrated at the Pinon Pine

project. Under the Agreement, Foster Wheeler

will market the KRW technology and Kellogg will

retain the responsibility for the maintenance of

and improvements to the technology. SPPC has

agreed to support the commercialization of the

technology through sharing of their operating

experience with potential clients and future users

of the technology.

SPPC, Foster Wheeler and The M.W. Kellogg

Company believe that the integrated gasification

combined cycle technology being demonstrated

at the Pinon project will be successful and will en

joy a significant share of the power generation

market in the 21st century, says Motter.

####

NAKOSO 200-TPD IGCC PLANT ONSTREAM

IN JAPAN

Integrated Gasification Combined Cycle (IGCC)
research and development in Japan is being
carried out as a part of the "Sunshine

Project,"

a

national project created to promote the use of

new energies. In 1986 the Ministry of Interna

tional Trade and Industry (MITI) commissioned
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the New Energy and Industrial Technology
Development Organization (NEDO) to restart an

IGCC R&D project using an air blown entrained-

bed coal gasifier at the NAKOSO 200-ton per day
pilot plant.

S. Uchida et al. of Mitsubishi Heavy Industries,

Ltd. discussed the project at the 21 1th American

Chemical Society National Meeting in New Or

leans, Louisiana, held in March.

The 200-Ton per Day Pilot Plant

The pilot project is now in its final stage of the

testing. A schematic diagram of the pilot is

shown in Figure 1 . The major plant components

include the air blown gasifier (gasifying 200 tons

per day of coal), the hot and dry gas cleanup unit

and the low calorie coal gas-fired gas turbine

(12.5 megawatts-electric). Dry gas cleanup is

composed of two parallel systems, one is a

granular bed gas filter and fluidized-bed desul

furization system, and the other is a candle

ceramic filter and fixed-bed honeycomb desul

furization system. Its superior cleanup perfor

mance under high gas temperature conditions of

350 to 450C enables the effective use of sen

sible heat from coal gas to be used as the gas tur

bine heat input. All of the ash in the coal fed to

the gasifier is converted to non-leaching and com

pact glassy slag with negligible amounts of un

reacted carbon, thus enabling simple ash han

dling and economical ash disposal.

The testing at the pilot plant is expected to be

completed by the end of March 1996. As of

September 1995, the cumulative operating hours

of the gasifier and the fixed bed cleanup ex

ceeded 3,800 hours and 1,200 hours, respec

tively. In the spring of 1995, the 200-ton per day
gasifier achieved 1 month of continuous opera

tion totaling 789 hours. During this test period,
the operation of the gasifier was continuously

stable, and testing was completed as planned.

FIGURE 1

SYSTEM FLOW DIAGRAM OF 200-TON PER DAY PILOT PLANT
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Table 1 shows the major operating parameters of

the gasifier during this test. Testing verified that

the gasifier can maintain sufficiently high heating
values to produce coal gas for stable combustion

in the gas turbine and also keep discharging con

tinuously molten slag through the slag hole with

100 percent recycling of char.

Test data showed that 70 percent cold gas ef

ficiency and 99.9 percent carbon conversion ef

ficiencywere obtained with the air blown gasifica

tion system.

The 20-ton per day fixed-bed gas cleanup test

facility also achieved 765 hours of continuous

operation during the same test period. This test

showed 1 to 5 milligrams per cubic meter dust

concentration and 20 to 50 ppm of sulfur (H2S,

COS) at the outlet of the cleanup. Instead of an

elemental sulfur recovery system, a pressurized

gypsum recovery system was tested in the pilot

plant.

Mitsubishi IGCC System

Mitsubishi used the successful results of the 200-

ton per day pilot plant to conduct a feasibility

study for scale-up to a 2,000-ton per day
demonstration plant.

The net thermal efficiency of the 2,000-ton per

day IGCC system is predicted to be 46 to

50+ percent (based on low heating value). It

achieves a 20 percent reduction in the C02 emis
sions compared with conventional pulverized

coal firing powerplants. The SO /NOx emission

at the stack inlet is anticipated to oe 10 ppm and

the dust concentration is predicted to be less

than 1 milligram per cubic meter at the inlet of

the stack.

The capital cost for a commercial-scale IGCC sys

tem is estimated at 95 percent of the cost of con

ventional coal-fired powerplants.

####

FOSTER WHEELER HAS INTEGRATED

CARBONIZER/PFBC PILOT PLANT

Foster Wheeler Development Corporation

(FWDC) is leading a team of companies in a

program aimed at developing advanced or

second-generation Pressurized Fluidized Bed

(PFB) combustion technology for coal-fired

electrical power generation.

A paper presented by A. Robertson and

J. Van Hook of FosterWheeler Development Cor

poration at last September's 12th International Pit

tsburgh Coal Conference describes FWDC's in

tegrated carbonizer/Circulating Pressurized

TABLE 1

NAKOSO PILOT PLANT DATA

Target Actual

Coal Gas HHV, kJ/m3N

Coal Gas Flow, T/hr

Sulfur Concentration (inlet), ppm

Sulfur Concentration (outlet), ppm

Dust Concentration (inlet), mg/m3N

Dust Concentration (outlet), mg/m3N

4,150 4,200-4,600

50.2 (at 100% Load) 40(75%) -50(100%)

<1,500 570-670

<100 20-50

<3,000 180-230

<10 1.1

THE SYNTHETIC FUELS REPORT, APRIL 1996

58



 



COAL

Fluidized-Bed Combustor (CPFBC) pilot plant

and their technological development program.

Conceptual Carbonizer/CPFBC Plant

Figure 1 is a diagram of the proposed plant. It

will enable utilities to generate electrical power at

higher efficiencies, lower costs of electricity and

reduced emissionswhen firing high-sulfur coal.

and a compressor that feeds air to the car

bonizer, a CPFBC and an external Fluidized-Bed

Heat Exchanger (FBHE). The carbonizer char is

burned in the CPFBC with high excess air.

Steam generated in a Heat-Recovery Steam Gen

erator (HRSG) (downstream of the gas turbine)
and in the FBHE drives the steam turbine genera

tor that furnishes the balance of electric power

delivered by the plant.

Coal is fed to a pressurized carbonizer that

produces a low-BTU fuel gas and char. After

gas-entrained particulates and alkali vapors are

removed, the net gas is burned in a topping com

bustor to produce the energy required to drive a

gas turbine. The gas turbine drives a generator

Left untreated, the fuel gas produced in the car

bonizer will contain hydrogen sulfide and sulfur-

containing tar/light oil vapors; therefore, lime-

based sorbents are injected into the carbonizer

to catalytically enhance tar cracking and to cap
ture sulfur as calcium sulfide.

FIGURE 1

SECOND-GENERATION PFB COMBUSTION PLANT
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The char and calcium sulfide produced in the car

bonizer and contained in the fuel gas as

elutriated particles are captured by high-

temperature filters, able to meet New Source Per

formance Standards (NSPS). The captured

material, with carbonizer bed drains, is collected

and injected into the CPFBC. The high percent

age of excess air in the combustor transforms

the calcium sulfide to sulfate, allowing its dis

posal with the normal CPFBC spent sorbent.

The topping combustor, which consists of

metallic-wall, Multi-Annular Swirl Burners

(MASBs), will be provided in two external com

bustion assemblies (topping combustors) on op
posite sides of the gas turbine. The MASBs are

designed to minimize NOx formation during the

topping combustion process and to control the

temperature of the metallic walls.

Phase 2 Pilot Plant

In 1991, FWDC began operating a PFB pilot plant

at its John Blizard Research Center in Livingston,

New Jersey. The tests involved a 254-millimeter

diameter bubbling bed carbonizer, a 203-

millimeter diameter circulating bed carbonizer,

and a 203-millimeter diameter CPFBC operating

at 1.42 Mpa pressure.

Both the carbonizer and CPFBC component test

programs were successful. The fuels and sor

bents tested in the carbonizer program, together

with their char/sorbent residues, were all burned

in the CPFBC. The CPFBC exhibited combustion

efficiencies greater than 99.5 percent and sulfur-

capture efficiencies with high-sulfur coal greater

than 96 percent.

Phase 3 Pilot Plant

The next phase is to integrate a carbonizer and a

CPFBC with their ceramic barrier filters, then

operate the subsystem to investigate integration

characteristics. These tests will involve load fol

lowing and transfer of the char from the reducing

atmosphere of the carbonizer to the oxidizing

atmosphere of the CPFBC at steady and control

led rates.

To conduct these tests, construction of an addi

tion to the Phase 2 pilot plant began in

January 1994.

As of June 1995 a series of cold and hot

shakedown runs had been completed, and the

Phase 3 pilot plant is ready for testing.

####

GREAT PLAINS GASIFICATION PLANT AGAIN

CONSIDERING METHANOL PRODUCTION

Dakota Gasification Company (DGC) produces

primarily Synthetic Natural Gas (SNG) from lig
nite coal using a unique combination of tech

nologies. In addition to the primary product,

SNG, several byproducts are produced in the

form of sulfur, anhydrous ammonia, liquid

nitrogen, phenols, cresylic acid, naphtha, and

krypton/xenon. Construction projects presently

under way will greatly increase the anhydrous

ammonia available and will also provide am

monium sulfate fertilizer. To insure the long-term

financial success of the gasification plant, DGC is

actively pursuing new byproduct development

such as tar oil derivatives, CO., and methanol.

E. Howard of DGC discussed the integration of

methanol production into the Great Plains Syn

fuels Plant at the 1995 World Methanol Con

ference held in Phoenix, Arizona, last December.

Currently, DGC produces 1 .7 million gallons per

year of methanol from a small unit of Lurgi

design. The product, although not AA Grade, is

satisfactory for the plant's Rectisol operation and

most importantly, relatively inexpensive to

produce. The unit (Figure 1) employs a single

reactor and requires no further reforming other

than that provided through the gasification

process. A similar design could be utilized to

develop a world-scale methanol plant, or, alterna

tively, a conventional oxygen blown reformer

could easily be incorporated as well.

According to Howard, DGC has several unique

features which would support the production of

methanol. First, it has two 1,500-ton per day

THE SYNTHETIC FUELS REPORT, APRIL 1996

60



 



COAL

FIGURE 1

LURGI METHANOL PRODUCTION
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Unde oxygen plants which have been debot-

tlenecked to greater than 1,700 tons per day
each. This provides DGC with gasification pos

sibilities and oxygen for methanol production,

alongwith other flexibilities.

Secondly, when the gas plant was designed, the

operating plan was to have 12 of the 14 gasifiers

on line at any one time with one gasifier under

maintenance and one on standby. DGC has

abandoned this operating plan and presently
operates with an average of 13.8 gasifiers on line.

The gasifiers themselves have been debot-

tlenecked to the point that the equivalent

capacity is now slightly greater than 15 original

gasifiers. This debottlenecking success allows

the flexibility of taking advantage of the aforemen
tioned oxygen plant capacity.

Thirdly, a vital part of the processing scheme of

the gas plant is a Lurgi licensed Rectisol process,

which uses cryogenic methanol to remove

heavier hydrocarbons together with acid gases

such as C02 and H2S from the synthesis gas

stream prior to the methanation step. In addition,

effluent from a Lurgi gasifier closely resembles

that of the effluent from a natural gas primary
reformer which for DGC eliminates that costly
(capital and operating) step in the manufacture of

methanol.

Furthermore, the ammonia unit now under con

struction at DGC allows consideration of the

synergism afforded by the injection of CO to the

feed stream of a methanol unit. Also, design and

capital justification of the ammonia unit being
constructed incorporates the utilities required for

a methanol unit.

One final but important point that will play a

major role in DGC's decision to go forward with a

methanol plant is feedstock considerations, says

Howard. DGC currently has under contract ap

proximately 40 years of lignite reserveswhich are

not expected to be significantly impacted by the
cost of other hydrocarbon feed sources such as

crude or natural gas.

Advancing technology has allowed downsizing
personnel and debottlenecking, which have

reduced plant operating costs. To date these

reductions have more than offset the inflationary
increases in feedstock costs.

With the existing comfort level of feedstock

costs, site utilities, real estate and the market,

DGC is reviewing processing schemes for

methanol but with a cautious outlook on

methanol's future. DGC has sought the consult

ation of engineering firms such as Lurgi,

Methanol Casale, Chemoprojekt and others, and

feels the feasibility of a low cost methanol plant at
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DGC is both reasonable, and with acceptable

market conditions, economical.

####

CORPORATIONS

CLEAN COAL POWER GENERATION GROUP

OUTLINES RESEARCH PROGRAM

The Clean Coal Power Generation Group is an

industry-led consortium set up to continue the

development of a coal-based advanced power

generation system. It is led by GEC ALSTHOM,
represented by European Gas Turbines Ltd.

(EGT), Stein Industrie SA and EVT GmbH. The

other members are Mitsui Babcock Energy Ltd.,
PowerGen Pic and the Coal Technology Develop
ment Division (CTDD) of British Coal Corporation
(BCC).

The program primarily addresses the develop
ment of the key components required for the Air

Blown Gasification Cycle (ABGC), previously
known as the British Coal Topping Cycle. As well
as component development, the program in

cludes the necessary technical and economic

assessments leading to the design and operating
specifications appropriate for fully integrated
pilot- and commercial-scale plants.

Research projects now under way are listed in

Table 1 and are briefly described here.

Gasifier Control for Clean Power Systems

Control of the gasifier is a key element in the

operation of the ABGC. The aim of this project is

to develop rapid response instrumentation and

control system software for the gasifier. The

project will employ CTDD's pilot-scale Pres

surized Fluidized-Bed Gasifier (PFBG) test

facility.

Effects of Contaminants on Material

Performance in Gas Turbines

Contaminants and their concentrations, present

in the hot combustion gases leaving the ABGC

gas turbine combustor, have a direct impact on

the gas turbine life. This project will study the

degradation processes that limit gas turbine

blade lives, including erosion and deposition, hot

corrosion, creep and fatigue. It will ultimately
determine the maximum allowable contaminant

levels that give acceptable service lives for gas

turbine hot gas path componentswhen combust

ing the fuel gas.

Pressurized Solids Transport

The residual char from the ABGC gasifier is

transported to an atmospheric Circulating
Fluidized-Bed Combustor (CFBC) which provides
high temperature steam to drive a steam turbine.

This project will investigate pressurized solids

handling, including the impact of hopper design
and pressurized gas on the safety and availability
of the fuel feed system, high pressure pneumatic

conveying tests to determine operating
parameters and degradation of the transported

coal, and safety and design issues associated

with storage and depressurization of hot

char/fines prior to feeding to the CFBC.

PowerGen Contributions to the Air Blown

Gasification Cycle Development

The technical and economic assessments to be

undertaken in this project are key to the strategy
for developing and commercializing the ABGC.

Specific activities include the development of a

specification for an ABGC prototype integrated

plant; evaluation of the steady-state perfor

mance, availability, reliability and economics of

an ABGC plant; and evaluation of a commercial-

scale plant, using PowerGen's whole-plant model

ing software.
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TABLE 1

CLEAN COAL POWER GENERATION GROUP RESEARCH PROGRAMS

Project

Gasifier Control for Clean Power Systems

Effects of Contaminants on Material

Performance in Gas Turbines

Pressurized Solids Transport

PowerGen Contributions to the Air Blown

Gasification Cycle Development

Cycle Control Studies

Modeling Predictions for Prototype

Integrated Plant and Utility Systems

Hot Gas Desulfurization forAdvanced

Power Generation Systems

Low NOx Gas Turbine Combustor

Development

Advanced Methods for the Control of Fuel

Nitrogen-NOx Emissions in the Pressurized

Combustion of Coal-Derived Fuel Gas

A StudyAssessing Electricity Generation

Integrating Coal Gasification and Fuel Cells

Materials for Gasifier Hot Path Components

Dynamic Modeling of the ABGC

Cost () Contractor Duration

1,523,950 BCC 7/94-9/97

695,920 BCC 11/94-9/97

1,079,700 BCC 3/93-2/97

587,200 PowerGen pic 4/94 - 3/98

40,583 BCC 3/93 - 5/94

157,030 BCC 8/94 - 9/97

2,287,000 BCC 4/93 - 9/96

849,917 BCC 3/93 - 3/97

687,128 BCC 4/94-5/97

5 60,060 British Gas pic 2/95-1/96

400,000 BCC 3/93-9/96

440,886 EGT 8/94-3/97

Cycle Control Studies

This project further developed a dynamic simula

tion model of the ABGC. This new simulation

model was then used to explore various control

strategies for the operation of both pilot- and

commercial-scale powerplants.

A full dynamic simulation model was successfully

created and the basis developed for a control
sys-
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tern for use with combined-cycle plant. Further

validation and optimization studies remain to be

undertaken before the control system and

strategy can be applied to a fully integrated

ABGC powerplant.

Modeling Predictions for Prototype Integrated

Plant and Utility Systems

This project will investigate gas turbine blade

lives in coal-fired ABGC pilot and utility plants

under full load, startup and fault conditions. In

addition, it will address the issue of blade erosion

and the definition of gas-cleaning requirements.

The project will cover the use of thermochemical,

hot corrosion and erosion/corrosion models in

these predictions.

HotGas Desulfurization forAdvanced Power

Generation Systems

An integrated hot gas cleaning system is essen

tial to the success of advanced power generation

combined cycles. The primary hot gas cleaning

components are filtration, desulfurization, am

monia reduction and low NOx turbine combus

tion technology. This project will conduct a

preliminary investigation of hydrogen sulfide

removal from coal-derived fuel gas using

regenerable sorbents. It will also evaluate the ef

fects of fuel gas contaminants on the sulfur sorp
tion and sorbent regeneration processes.

Low-NOx Gas Turbine Combustor
Development

The aim of this project, which is one of a number

of projects addressing gas turbine combustion in

the ABGC, is to develop a combustor to meet the

low-NOx requirements of industrial gas turbines.
A computational fluid dynamics model of British

Coal's low-NOx combustor, which predicts emis
sions and temperature distributions and aids in

further designs of the combustor geometry, will

be developed. Combustion trials will also be un

dertaken to allow the combustor to be evaluated

over a range of operational conditions.

Advanced Methods for the Control of Fuel

Nitrogen-NOx Emissions

This project addresses the development of an in

tegrated hot gas cleaning system. Laboratory-

scale work will be undertaken to evaluate various

oxidants as potential selective ammonia-reducing
agents and to identify a range of suitable operat

ing conditions. Subsequent work will involve the

design and construction of experimental equip
ment to be used in conjunction with a turbine

combustor test bed to test the selective oxidation

process on high-pressure high-temperature fuel

gas.

Integrating Coal Gasification and Fuel Cells

The objective of this project is to develop and

compare the performance and cost of a number

of advanced power generation schemes integrat

ing the British Gas-Lurgi coal gasifier and the

British Gas-Osaka Gas coal hydrogenator with

molten carbonate fuel cells and solid oxide fuel

cells.

Material for Gasifier Hot Gas Path

Components

This project aims to develop a thorough

knowledge of the materials requirements for criti

cal components within the gasifier hot gas path

for coal-fired combined-cycle powerplants. En

gineering and fabrication constraints for

materials will also be considered to ensure that

the necessary information is available for hot gas

component development and design in a range

of gasification cycles.

Dynamic Modeling of the ABGC

A thorough understanding of the dynamics of the

proposed Prototype Integrated Plant is essential

to the development of an effective and secure

control system.

With this project, a computational model of the

ABGC will be developed. The simulation model
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will then be used for plant control analyses, to in

vestigate the dynamic behavior of the plant

during transients arising from planned operations

and unplanned (fault) conditions. The model will

also provide a powerful design tool to assist with

component selection, plant layout and control

issues during the plant design and commission

ing phases.

####

ECONOMICS

base case. For the Base Case run, the pilot plant

unit was operated with dispersed iron and molyb

denum catalysts used in the first reaction stage

and a supported nickel-mdy catalyst used in the

second-stage ebullated-bed reactor.

An all-distillate product Base Case was formu

lated in which resid extinction was achieved in

the system via a reduction in reactor space

velocities as predicted by first-order reaction

kinetics. All liquefaction distillates are assumed

to be upgraded to a common basis (all-gasoline

finished product) so that consistent comparisons

are assured.

ADVANCED DIRECT LIQUEFACTION

CONCEPTS COULD LOWER COSTS

$4.64/BARREL

For the past 3 years, the Center for Applied

Energy Research of the University of Kentucky
has been investigating the use of Advanced Con

cepts for improving the Integrated Two-Stage Li

quefaction process practiced at the Wilsonville,

Alabama, pilot plant. The concepts tested in

clude:

- Extraction, dewaxing and hydrotreating
of the distillate recycle solvent to im

prove coal conversion

- Oil agglomeration of the feed coal to

reduce its ash content and improve sup

ported catalyst life

- Preparation and use of alternate dis

persed and particulate catalysts to im

prove process performance and/or

reduce dispersed catalyst cost

M. Peluso of LDP Associates summarized the

results of the batch-scale tests at the 210th

American Chemical Society National Meeting
held in Chicago, Illinois, last August.

Base Case

Wilsonville pilot plant operation with Black

Thunder subbituminous coal was chosen as the

The Base Case conceptual commercial plant is

an all-coal facility located at a mine-mouthWyom

ing location. The hydrogen needed for liquefac

tion is generated by water slurry gasification of

ash concentrate from the ROSE unit and coal.

Light hydrocarbon gases produced in liquefac

tion and upgrading are used to close the fuel gas

balance. Any excess gas is used to generate

hydrogen via the steam reforming process. It is

assumed that the electricity needed to help
operate the plant is purchased from a nearby

utility powerplant.

The conceptual plant converts 17,929 tons per

day (t/d) of Black Thunder coal moisture-free

basis fed to liquefaction into 68,100 barrels per

day of gasoline product. An additional 5,204 t/d

of Black Thunder coal must be gasified in order

to meet the plant's hydrogen requirements. Over

all MAF (Moisture and Ash-Free) coal conversion

for the Base Case is 92 percent.

Four liquefaction reactor trains in parallel are re

quired to process the 17,929 t/d of coal to li

quefaction. Organic rejection from the liquefac

tion process amounts to 14.5 percent on an

moisture-free coal basis.

Distillate Solvent Quality Improvement

For the Advanced Concepts Case (ACC) three

process steps are used to treat the waxy distillate

recycle solvent used in the Base Case. These

processes are solvent extraction, solvent
dewax-
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ing and hydrotreating. In combination these

processes effectively remove and recover the

waxy material from the distillate solvent and

enhance its donor solvent capabilities.

It is estimated that the wax yield on MAF coal is

4 weight percent. However, this wax builds up in

the distillate recycle solvent until its cracking rate

equals production rate. In the Base Case the

wax concentration in the distillate recycle solvent

is estimated to be approximately 24 weight per

cent. Removal of a substantial portion of thewax

significantly reduces the distillate solvent recycle

rate and the recovered wax has an estimated sell

ing price of $0.34 per pound, more than double

that of gasoline.

The solvent extraction process is used upstream

of the solvent dewaxing process as a means of

significantly reducing the feedrate and the cost of

the much more expensive solvent dewaxing
process. For the ACC approximately 70 percent

of the distillate solvent feed to the extraction unit

is absorbed, thereby reducing the solvent dewax

ing unit feedrate by a factor of 3. When wax

production is desired, as in the ACC, a three-

stage filtration system is used along with a wax

finishing step.

The average MAF coal conversion improved

2.4 percentage points when the distillate recycle

solvent was fully dewaxed and hydrotreated as

compared to using the as-is distillate solvent.

For the ACC it is assumed that the full dewaxing
and hydrotreating of the distillate recycle solvent
will improve MAF coal conversion by
3 percentage points (95 percent versus

92 percent in Base Case). This improvement fur

ther increases product yield and reduces the IOM

recycle rate.

OilAgglomeration at Low pH

Results indicate that the use of oil agglomeration

at low pH can remove approximately 50 percent

of the ash in Black Thunder coal. Ash reduction

at the front end of the liquefaction process

reduces organic rejection at the back end of the

process, thereby increasing product yield. At low

pH potential supported catalyst poisons, such as

calcium, sodium, magnesium and potassium are

also removed. For the ACC it has been assumed

that the second-stage reactor supported catalyst

replacement rate can be reduced by 30 percent.
A significant amount of sulfuric acid is consumed

in the oil agglomeration unit.

Coal Impregnation: Moly Salt via

IncipientWetness

The cost of dispersed iron and moly catalysts in

the Base Case accounts for almost $3 per barrel

of gasoline product selling price. Much of this

cost results from the use of an expensive moly

source, the oil soluble Molyvan L A significant

reduction in moly cost is achieved when a much

cheaper moly salt is used. Even when process

ing costs for preparing the salt solution, impreg

nating a small portion of the feed coal to liquefac

tion and driving off the extra water added to the

coal are added, the cost of the impregnated moly

is still only about 25 percent of the cost of using

Molyvan L Experimental results indicate that per

formance with moly impregnated coals is ap

proximately equivalent to the performance with

Molyvan L

Comparative Results

For the ACC, at the same coal feedrate to li

quefaction, gasoline production increases by
4.5 percent while a byproduct is also recovered.

This increase in product yield is directly related to

the reduction in ROSE unit organic rejection by
6.0 percent on mositure-free coal. At the same

time, recycle solvent rate is reduced by
20 percent because of wax removal, lower feed

ash and higher coal conversion. Moly catalyst

recirculation enhancement remains constant.

In order to achieve higher product yield, the re

quired per pass resid plus IOM conversion in

creases in both reaction stages. This increased

conversion is achieved by a space velocity reduc

tion (predicted by first-order kinetics) of ap

proximately 15 percent versus the Base Case.

Hydrogen consumption increases in proportion

to the increased product rates. With the sig-
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nificant decrease in organic rejection, additional

gasification of coal is required to close the

hydrogen balance. The total electrical power re

quirement for the ACC increases by ap

proximately 12 percent due to increased gasifica

tion quantities and the requirements of the added

units.

The capital and operating cost estimates for the

Base Case were developed using the previous li

quefaction plant studies. Equipment capital in

vestment costs increase by $452 million due to

the added units and the increased gasification

requirements for the ACC. Interestingly, liquefac

tion system capital cost decreases despite the

higher distillate production rate. The total capital

required increases by $522 million over the Base

Case. However, net operating costs drop by ap

proximately $6.94 per parrel of gasoline product

due to the lower liquefaction system additive

costs and the significant impact of byproduct

wax revenue. At a 15 percent capital charge fac

tor, the required gasoline product selling price for

the ACC is $4.64 per barrel lower than that for the

Base Case.

####

TECHNOLOGY

UQUID CARBON MONOXIDE COULD

BECOME PEAK SHAVING FUEL

In recent years, a lot has been said about the ad

vantages of cogeneration of power and heat, and

combined-cycle power generation via gasifica

tion of
"dirty"

fuels such as coal, Orimulsion,

petroleum coke and heavy residues. In such sys

tems, high level heat is used to generate the

highest quality energy, i.e., electricity in gas tur

bine driven generators, and the remaining low

level heat in the gas turbine exhaust gases is

either used for process heating purposes and/or

for the generation of additional power via a steam

cycle.

Electricity is a unique commodity because it is

clean, reasonably easy to transport and efficient

in its end use. Unfortunately, it cannot easily be

stored. H. Kleijn, of Kema, et al. discussed

various options for coping with fluctuations in

demand at the World Energy Council 16th Con

gress held in Tokyo, Japan, last October.

Energy storage abilities enable the power

producer not only to follow the grid demand but

also to build a power station with smaller maxi

mum capacity. In the case of an integrated

gasification combined-cycle station, it is possible

that the whole gasification section including the

gas treating and the ASU (Air Separation Unit)
can be 15 to 20 percent smaller and still meet the

maximum demand. On the other hand additional

equipment for syngas conversion and liquid fuel

storage is required.

In the past it has been suggested to produce

methanol from the syngas during the periods

where the demand for electricity is low.

Methanol can be made selectively from syngas in

a one-stage process. The overall efficiency of

using methanol as peak shaving fuel is effectively

over 80 percent, according to Kleijn et al.

An energetically even more attractive option is to

produce liquid carbon monoxide from the syngas

during the low demand hours and to burn this

gas during the hours of peak demand.

The concept of liquid CO storage is depicted in

Figures 1 and 2.

During hours of low demand the gas which is ob

tained after the last gas treatment stage and

which has a temperature of about 320 K is

cooled in a heat exchanger train by evaporating
liquid nitrogen from a cryogenic storage tank.

The CO in the syngas is thus cooled and con

densed and subsequently separated from the

hydrogen. The condensed CO is stored in a

second cryogenic storage tank. The cool

hydrogen is also used to cool the incoming syn

gas. The hydrogen diluted with up to 50 percent
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FIGURE 1

LIQUID CO STORAGE

DURING LOW DEMAND PERIODS
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SOURCE: KLEIJN, ETAL.

FIGURE 2

LIQUID CO EVAPORATION

DURING PEAK HOURS

fuel gas

clean syngas
cryogtnle

vwwvv

1
exchanger

to power generation

SOURCE: KLEIJN, ETAL.

volume nitrogen is burned in the gas turbine(s).

This situation is sketched in Figure 1 .

During the peak hours gaseous nitrogen from the

ASU is used to evaporate liquid CO and is itself

liquefied in the course of this process. The gas

which is being burned during the peak hours is

hence relatively rich in CO. With the installation

of some valves and piping, use can be made of

the same cryogenic heat exchanger as depicted

in Figure 2.

The thermal efficiency of this CO
"battery"

looks

in a first estimate to be better than 90 percent.

Moreover the capital cost of the cryogenic sys

tem is lower than for methanol and as a bonus

pure hydrogen is produced.

For a 24-hour period the storage capacity for CO

is estimated at about 3,500 cubic meters for a

750-megawatt power station. A similar size tank

is required for the storage of liquid nitrogen.

Both liquids are stored under atmospheric pres

sure at temperatures of about 80 K. The storage

of liquid CO is already applied on a commercial

scale. For safety reasons the CO storage tank

would have to be built underground or with a

high wall around it.

Liquid CO storage implies that at least that part

of the gas from which the CO is extracted has to

be cooled. In such a case, cold gas treating
could offer advantages over hot gas treating or

flue gas treating.

####

SLURRY CATALYST TESTED IN EXXON

DIRECT UQUEFACTION UNIT

A 6-month continuous bench-scale program

using ERDL's Recycle Coal Liquefaction Unit

(RCLU) was conducted to evaluate a slate of five

slurry-phase catalysts for direct coal liquefaction

of Rawhide subbituminous coal. The results of

this study were summarized by R. Bauman et al.

of Exxon Research and Development

Laboratories (ERDL) at the 210th American

Chemical Society National Meeting held in

Chicago, Illinois, last year.

Process Overview and Simplified Process

Flow Plan

The RCLU is located at the Exxon Research and

Development Labs in Baton Rouge, Louisiana. It
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is a highly automated, highly instrumented pilot

plant designed to process 34 kilograms of coal

per day. RCLU has been a reliable tool in the

past, with runs over 1 ,000 continuous hours. A

simplified process flow plan is presented in

Figure 1.

In this process, coal, make-up catalysts, recycle

solvent and recycle bottoms are prepared in 6- to

8-hour batches in the mix tank to form a

homogeneous feed slurry. The slurry tempera

ture is typically held around 135 to 143C to en

sure an easily pumpable slurry. The tank is

equipped with a mixer to mix the coal, bottoms,

solvent and catalyst. The feed slurry is further

mixed by the recirculation pump.

The liquefaction reactor system consists of a

pretreater and two reactors in series and their

associated sandbaths. The reactors operate in

an upflow mode and are capable of having inter

stage hydrogen addition. The sandbaths are

electrically heated and are used to control the

reactor temperatures.

The slurry is pumped from the feed tank to the

pretreater. The purpose of the pretreater is to ac

tivate the catalyst by sulfkJing the iron oxide. The

activated slurry leaving the pretreater is blended

with pure H2 treat gas before it is fed to the first-

stage reactor. Most of the coal is converted to liq
uid hydrocarbons and gas via a combination of

thermal and catalytic processes in the two li

quefaction reactors.

The pretreater and liquefaction reactors operate

at 17.2 MPa. The pretreater operates between

296 to 302C while the liquefaction reactors

operate between 427 to 454C. The reactors

operate close to isothermal operation and have

minimal pressure drop.

RCLU uses high pressure separation vessels to

separate the heaviest fraction of the reactor

FIGURE 1

SCHEMATIC FLOW PLAN OF RCLU PILOT PLANT
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product from the lighter fraction. A hot separator

is used to split the reactor effluent into two

streams: an overhead stream consisting of

gases, water and light oil, and an underflow

stream consisting of heavy oil and mineral mat

ter. The overhead stream from the hot separator

passes through two heat exchangers before en

tering the cold separator. The exchangers cool

the stream, thus condensing some of the light

oils which are captured in the cold separator.

The hot separator underflow stream proceeds to

the bottoms stripper where it is stripped with the

offgas from the cold separator. The cold

separator underflow stream proceeds to frac

tionation.

The bottoms stripper separates nominally
1,000F- hydrocarbons from heavier hydrocar

bons and mineral matter (bottoms). Bottoms are

periodically withdrawn and a fraction is recycled

to the mix tank. The overhead gas and the

stripped hydrocarbons are cooled before going

to fractionation.

The cold separator underflow stream and the bot

toms stripper overhead stream are combined in

the fractionator feed surge tank. Liquid is

pumped from the fractionator feed surge tank to

a preheater before it is fed to the fractionator.

The fractionator is designed to split the nominally
1,000F- stream into two components, solvent

(also called VGO) and light oil. The tower under

flow stream is partially recycled to the mix tank.

Results

Eight conditions were tested during the 1994

operations, covering the impact of solvent to coal

ratio, time-temperature trade-off, and type and

make-up rate of iron oxide catalyst. The molyb

denum make-up rate remained constant

throughout the experiments. However, the

source of molybdenumwas varied.

In general, catalyst changes had very small im

pact on performance. Of all of the changes

tested, reducing the recycle ratio had the most

striking impact. It may be that the constant

molybdenum make-up rate is masking other

changes, such as type and amount of iron

catalyst addition rate.

Reduced Recycle - Reducing the total recycle
from 1.92 to 1.65 on Dry Ash Free (DAF) coal
resulted in a significant shift toward a heavier

product slate, and higher conversion.

Reduced Sulfur Addition Rate - The reduction

in sulfur addition rate had no significant impact

on yields or conversion.

Increased Stage One Temperature and Mass

Velocity - Increasing the first-stage reactor tem

perature and the mass velocity resulted in lower

conversion and liquid yields. Conversion went

from 88.60 to 86.88 weight percent on DAF coal.

C5-1 ,000F dropped from 59.1 to 56.5 weight per

cent DAF coal. The temperature and mass

velocity were increased to make the impact of a

better catalyst easier to detect.

Changed Iron Oxide Catalyst - Changing iron

catalyst type, Bailey versus Bayferrox, resulted in

significant drops in conversion, gas yield and

hydrogen consumption. Liquid yields held their

own and gas selectivity (C to C4) decreased.

Directionally this seems to indicate that an im

proved iron catalyst could lead to a more selec

tive liquefaction process, according to the

authors.

Reduced Iron OxideAddition Rate - The impact

of reducing the iron oxide addition rate from 1 .0

to 0.25 weight percent DAF coal resulted in a sig

nificant increase in conversion, gas yield and

hydrogen consumption. Conversion increased

from 85.62 to 87.01 weight percent, C1 to

C4 increased from 12.48 to 14.08, and hydrogen

consumption increased from 5.43 to 5.76 weight

percent on DAF coal, all statistically significant.

Liquid yields remained steady.

Changed Iron Oxide Catalyst - Changing iron

catalyst type, Bayferrox versus Mach 1 , showed

small but significant drops in conversion, C1 to
C4> and hydrogen consumption. Conversion
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dropped from 87.0 to 85.2 weight percent DAF

coal, while C5 to 537.7C liquid yields held steady

at 57.0weight percent on DAF coal.

Changed Molybdenum Source - Changing the

molybdenum source from organic, Molybdenum

Van L to inorganic, ammonium heptamolybdate,

resulted in a significant drop in conversion, from

87.0 to 85.7, and lower C1 to C4 from 14.1 to

12.6. Even though conversion and gas yields

dropped in going from the organic to the inor

ganic molybdenum source, selectivity to liquids

improved.

####

CONVERSION OF LOW-RANK COALS TO

LIQUID FUELS REVIEWED

During the past 30 years the direct liquefaction of

Low-Rank Coals (LRCs) has shown steady gains

in processing efficiency. Ongoing efforts range

from parametric modifications and adaptations of

existing processes to fundamental research into

the specific chemistry of LRCs.

M. Hetland et al. of the Energy and Environmen

tal Research Center reviewed the development of

direct coal liquefaction at the 12th Pittsburgh

Coal Conference held in Pittsburgh, Pennsyl

vania, last fall.

LRC-Specific Process Development

Parametric studies of LRC liquefaction deter

mined that the optimum temperature range for

conversion takes place between 400 and 460C,

with the maximum yields occurring at around 440

to 460C. Minimum partial pressures for achiev

ing 80 percent conversion of lignite at 460C and

40-minute residence time were found to be about

1,470 psi for CO or 2,205 psi for H2, at a total

pressure of 2,940 psi. Effective promoters for

thermal liquefaction of LRC include elemental sul

fur, hydrogen sulfide, pyrite, and/or magnetite.

Various parametric studies also showed that CO

and water are more effective in liquefying LRC

than H2. The first CO-steam process was

designed as a low-temperature (400 to 450C) li

quefaction process for the production of a low-

sulfur boiler fuel. Later development of the

process focused on the production of distillate

fuels. When used with bottoms recycle and an

H2S promoter, the CO-steam process achieved a

50 percent moisture and ash-free (maf) distillate
yield.

To develop a more effective scheme for coal li

quefaction, a simple two-step mechanism was

used. The structure of coal is made of tangled,

highly cross-linked molecules, say Hetland et al.

The first step in liquefaction should be to
"untangle"

the coal structure, while the second

step should to be
"sort"

the untangled pieces.

In the process of studying the first (untangling)
step, the following important results were noted:

- Low-severity staged processing of LRCs

resulted in better conversion and yield

structure than did single-stage liquefac

tion.

- Syngaswas more effective than pure H2.

- Hydrogen-donating solvents functioned

better than H.

Compared to the use of hydrogen-

donating solvents, the combination of a

stable solvent, H2S, H20 and CO

resulted in virtually the same level of

solubilization.

- CO acted almost exclusively via the

water-gas shift mechanism.

- H2S acted primarily as a hydrogen shuf

fler, typically from the gas phase to the

liquid phase.

- In the absence of solvent, drying had a

deleterious effect.

Research of the second (sorting) step yielded the

following conclusions:
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- Better results were achieved with higher

second-stage temperatures.

-

H2 must be present during the second-

stage processing.

- Sulfur used to promote effective untan

gling in the first stage was easily
removed in the second stage.

- Better results were achieved with lower

second-stage contact time.

Additional research centered on the role of the

solvent in the liquefaction of LRCs. The role of

the solvent is important to the overall yield struc

ture during processing and, in general, the sol

vent accomplished most of the effective

hydrogen transfer in the liquefaction process.

Results of the research suggested that the com

bination of phenolic solvent and low-severity
(high temperature with short residence times)

processing may provide an avenue to high untan

gling efficiencies at low-severity processing condi

tions.

The result was the development of a low-severity,

multistep process consisting of a pretreatment

soak, solubilization, polishing and hydrotreat

ment. The pretreatment is performed at 150C at

a reaction pressure of 2,000 psi CO using H2S as

a promoter. The solubilization is performed at

375C at a reaction pressure of 3,500 psi in the

presence of HS. The polishing step is per

formed at 430 C and a reaction pressure of

3,200 psi H2. The solvent used for this process is

a blend of phenolic and hydrogen-donating sol

vents. A 96.6 percent conversion of maf lignite

fed to the system has been attained using the

multistep process. Distillable liquid made up

about 75.2 weight percent and soluble resid ac

counted for 4.1 weight percent of the products of

the process.

Use of Catalysts in LRC Direct Liquefaction

The mechanisms bywhich hydrogen or electrons

are donated to promote coal solubilization are

still being investigated. Reduction of oxygen

functional groups such as carbonyls and ethers

has been demonstrated with model compounds

and is likely to proceed in the coal liquefaction

reactions. Cracking of carbon-carbon bonds is

not likely to be important for the base-catalyzed

CO reactions at temperatures below 400C, ac

cording to the authors.

The following catalysts have been found to be ef
fective at promoting the CO-steam liquefaction of

LRCs:

- Sodium aluminate

- Molybdenum oxide and molybdenum

oxide with Sn02

- Hydrogen sulfide

- Molybdenum sulfide and bimetallic (Mo-

Ni orMo-Co) sulfide catalysts

- Sulfided iron oxide

####

STEAM PRETREATMENT IMPROVES COAL

LIQUEFACTION PRODUCT QUALITY

Although advances in coal liquefaction technol

ogy in recent years have led to the production of

liquids of improved quality, this improvement has

been achieved mainly by increased consumption

of expensive catalyst. One way to improve the

economics of direct liquefaction is to modify the

coal feed before solubilization. A variety of physi

cal and chemical methods of coal treatment prior

to low severity liquefaction have been found to

significantly improve yield and quality of the

product, making it superior to those obtained at

high severity conditions.

The use of steam as a pretreatment agent in non-

catalytic coal-donor solvent liquefaction was dis

cussed by O. Ivanenko et al. of The City College

of New York at the 211th American Chemical

Society National Meeting in New Orleans,
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Louisiana, held in March. Advantages of this ap

proach are that steam is among the cheapest of

reagents and does not incorporate undesired

chemical residues into the coal structure.

Liquefaction runs were conducted with Illinois

No. 6 coal at three sets of conditions:

- High severity: 400C, 1,500 psia,

30 minutes

- Low severity a: 350C, 1,500 psia,

30 minutes

- Low severity b: 385C, 1,500 psia,

15 minutes

High Severity Liquefaction

First, raw coal was examined under slow and

rapid heating liquefaction conditions. Then, a

series of tests with steam-treated coal were con

ducted under rapid heating conditions.

The total yield of liquid product from raw coal ob

tained at rapid heating conditions appears to be

slightly lower than at slow heating due to the

longer overall reaction time in a slow heating run.

The yield of oils, however, is increased and preas

phaltene yield is decreased. No improvement in

the yields was observed when steam pretreated

coal was subjected to the liquefaction under slow

heating. In rapid heating liquefaction, however,

the yield of hexane solubles is substantially in

creased, while asphaltenes are reduced.

When steam treated coal was deliberately ex

posed to ambient air for 1 hour before slurrying

with deoxygenated tetralin, the pretreatment ef

fect deteriorated. The oil yield decreased even

below the value for raw coal with rapid heating.

Total yield also decreased. Asphaltene yield is

higher and preasphaltenes yield is lower when an

exposure to air is prevented.

Low Severity Liquefaction a

Raw and steam pretreated coal were tested un

der rapid heating conditions at reduced severity
(low severity liquefaction a).

The results obtained under these reduced

severity conditions show no improvement in the

liquefaction yields between raw and steam

pretreated coal. Steam pretreatment did,

however, increase gas yield at the expense of

oils.

A possible explanation for the lack of improve

ment in yields after steam pretreatment may be

found in the temperature history in the autoclave.

The coal slurry was injected into the autoclave

preheated to 350C. In all cases the injection

caused the temperature to drop below 300C.

This was followed by a recovery to 350C in

about 1.5 minutes. Consequently, the sample

had passed through a region below 360C where

retrogressive reactions occur, resulting in low

yield of the liquid product and in a higher yield of

gas. Perhaps the chosen reaction temperature

itself, 350C, is where retrogressive reactions oc

cur, according to Ivanenko et al.

Low Severity Liquefaction b

To keep the reaction temperature higher after

slurry injection and during the reaction, the low

severity liquefaction temperature was increased

to 385C, the reaction time reduced to

15 minutes, and the pressure was left unchanged

at 1,500 psia. The procedure was also slightly

modified: the autoclave was initially preheated to

400C. In all rapid heating liquefaction experi

ments the reaction temperature never dropped

below 320C.

The behavior of Illinois No. 6 coal in low severity

b liquefaction follows the same trend as high

severity. The best results, highest total yield and
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yield of hexane solubles, are obtained from

steam pretreated coal under rapid heating condi

tions. Moreover, the improvement in the hexane

solubles is achieved as a result of an increase in

the yield of oils and a decrease in gas yield (at

least at low severity). The liquefaction yields

(total yield and hexane solubles) obtained from

steam treated coal under slow heating conditions

have intermediate values between raw and steam

treated coal under rapid heating. When steam-

treated coal is deliberately exposed to air, the to

tal yield drops to the level of raw coal (rapid

heating); the yield of hexane solubles is slightly

higher than from raw coal under rapid heating
but does not exceed the value obtained under

slow heating.

Conclusions

The following conclusions were drawn from this

work:

- Steam pretreatment substantially im

proves the quality of the liquid product in

coal slurry liquefaction. Under low

severity conditions, the oil yield is more

than doubled, going from 12.5 to

29weight percent.

- The benefits of steam pretreatment can

be realized only if the pretreated coal is

rapidly heated to liquefaction tempera

ture.

- Pretreated coal must be protected from

oxygen to preserve the benefits of

pretreatment.

####

ACTIVATED CHAR FINDING ACCEPTANCE

FOR FLUE GAS TREATMENT

Forwaste combustors to meet increasingly strin

gent emission limits, new technologies, which

rely on the use of activated carbon or char as a

flue gas polishing stage at the end of the Air Pollu

tion Control (APC) train, have been developed.

The Activated Char Reactor (ACR), developed by
L & C. Steinmuller GmbH and its subsidiary,

Hugo Petersen, was reviewed by H. Hartenstein

of Steinmuller, at the 211th American Chemical

Society National Meeting held in New Orleans,

Louisiana, in March.

ACR Adsorber Design

The Steinmuller/Hugo Petersen ACR-technology
follows the cross-flow principle. The char

migrates through the ACR-adsorber vertically

from top to bottom while the flue gas flows

through the activated char bed horizontally.

Figure 1 shows the concept of the adsorber

providing a vertical cross section of an activated

char bed. Each bed consists of three individual

layers separated by a perforated shroud. Each

layer can be extracted independently, according

to its pressure drop, saturation or other guiding

parameters. Specially designed cellular dis

charge cylinders at the bottom of each bed allow

FIGURE 1
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the extraction of a precisely defined amount of

activated char from each layer individually. Be

sides a minimization of char consumption, this

multilayer design allows for the adaptation of the

discharge program to the selective adsorption

characteristics of various pollutants.

Figure 2 shows how the multilayer design is

matched to the characteristic concentrations of

adsorbed pollutants within the char bed. The

compounds with a high molecular weight are ad

sorbed quickly within the first few inches of the

activated char, thus pushing the lower molecular

weight compounds toward the end of the bed.

In order to allow the treatment of large volume

flow rates one adsorber unit can be expanded to

FIGURE 2
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contain two, four, six or eight beds. In this case

each bed acts as an individual module within the

ACR-unit. ACRs built by Steinmuller/Hugo Peter

sen treating volume flow rates between 5,000 and

250,000 cubic meters per hour and containing up

to eight modules are in operation in powerplants

as well as in municipal and hazardouswaste com

bustors, says Hartenstein.

ACR Performance

Extensive testing of the ACR-techndogy has

been completed in commercial-scale Municipal

and Hazardous Waste Combustors (MWCs and

HWCs) in Holland and Germany.

The removal efficiency for acid gases, heavy met

als and high molecularweight organicswas deter

mined to range in the 99.9 to +99.99 percent

region. The outlet value of below 1 milligram per

cubic meter for S02, for example, remained unaf

fected even by extremely high peak inlet con

centrations of up to 700 milligrams per cubic

meter.

ACR-Retrofits to Existing MWCs and HWCs

During the early 1980s a significant number of

MWCs and a few HWCs were built using an
APC-

train comprised of an Electrostatic Precipitator

(ESP), a spray dryer and a baghouse. These

APC-trains are unable to meet the stringent emis

sion limits introduced in the early 1990s and

therefore had to be retrofitted. The flue gas tem-

perature at the outlet of the spray

dryer/baghouse system is commonly adjusted to

around 140C, which is ideally suited for the ACR

by being low enough for enhanced adsorption

and high enough to avoid any condensation of

moisture and/or acids.

In most cases a Low Temperature Selective

Catalytic Reduction (LTSCR) DeNOx plant is

added at the end of the train. Due to the virtual

absence of any pollutants after the ACR, the SCR

operational temperature can be reduced to as

low as 150 to 170C. This makes the use of SCR

an economical alternative to Selective Non-

Catalytic Reduction (SNCR), avoiding
NH3-
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contamination of the fly ash and the spray
dryer/baghouse residue.

Most HWCs built in Europe were equipped with

wet scrubbers, even before 1990. The most com

mon APC-train used on HWCs was an ESP fol

lowed by a one- or two-stage HCI-scrubber

operated at a pH below 2 and an SO -scrubber

operated at a pH of around 5 to 6. These sys

tems are better suited to handle the significantly
higher pollutant concentrations of HWCs at the

inlet of the APC-train. Besides the possibility of

retrofitting these facilities with an ACR/LTSCR

combination as described above, another option

is to add an ACR/ACCR(Activated Carbon

Catalytic Reduction) combination. Both the ACR

and ACCR are combined in one reactor with the

NH3-injection system upstream of the ACR. The

advantage of ACCR is its low operating tempera

ture of between 120 and 140C. Its disadvantage

is that high NOx-removal efficiencies

(>85 percent) cannot be realized due to the

catalytic limitations of the activated carbon.

ACR for NewMWCs and HWCs

In new installations, the ACR forms an integrated

part of the APC-train. A modern five-stage gas

cleaning system is designed to achieve the

lowest possible emission limits. Thus a

baghouse is employed to insure the best pos

sible removal of particulate matter.

It is followed by a multistage wet scrubbing sys

tem designed to recover hydrochloric acid from

the removed HCI and wall board quality gypsum

from neutralized S02. The heat losses through

evaporation in the scrubbers are minimized by

employing a cross-flow heat exchanger. It cools

the flue gas before entering the first scrubber and

then reheats the flue gas after leaving the second

scrubber. Thus the flue gas is prepared for the

final polishing by the ACR before it enters the

stack via an LTSCR-DeNOx plant. To adjust for

the appropriate LTSCR-temperature the compres

sion heat liberated in the fan is utilized. The

remaining heating is done by a low pressure

steam heater.

Conclusion

Little over 5 years after the introduction of new

and stringent emission regulations forMWCs and

HWCs, ACR is a well proven, accepted technol

ogy. Hartenstein cites almost 30 installations of
new and retrofitted MWCs and HWCs in Holland,

Germany and Austria employing ACR. In these

countries the market share of the ACR-

technology with respect to other technologies is
about 35 percent in the retrofit market and about

65 percent in the market for new facilities. The

ACR-technology integrated in a modem state-of-

the-art multistage APC-train represents the lead

ing edge of pollution control for HWCs and

MWCs.

####

TIN OXIDE SHOWS PROMISE FOR

DESULFURIZATION OF HOT COAL GAS

Electricity can be produced with high efficiency
from coal by coal gasification combined with a

gas turbine and steam cycle in IGCC (Integrated

Gasification Combined-Cycle) plants. However,
coal contains many harmful impurities, such as

sulfur, which must be removed to meet environ

mental regulations, and to meet downstream

processing requirements.

Life-cycle testing of a tin dioxide-based sorbent

for use in hot gas sulfur removal was discussed

by I. Siguroardottir and P. Hojlund Nielsen of Hal

dor Topsoe A/S, at the 1995 Annual Meeting of

the American Institute of Chemical Engineers,

held in Miami Beach, Florida, last November.

Tin Dioxide Sorbent

Regenerate tin oxide (Sn02) was tested in simu

lated coal gas in a fixed-bed laboratory reactor.

The sorbent was tested for over 120 cycles at a

pressure of 25 bar and a temperature of 450C.

All absorptions were carried out using a simu

lated coal gas which contained: 21 percent r-LO,

56 percent H2, 15 percent CO, 8 percent C02
and 4,500 ppm H2S.

THE SYNTHETIC FUELS REPORT, APRIL 1996

76



 



COAL

A sample of sorbent was taken at regular inter

vals during the 120 cycles. Tin oxide pellets in

the reactor bed were fully sulfidized at each ab

sorption and fully regenerated at every regenera

tion. Figure 1 shows the H2S absorbed in the

absorption step.

The sulfur capacity and the tin content are con

stant throughout all of the absorptions. The sul

fur load was 5.3 weight per weight percent which

means that 83 percent of the tin dioxide was con

verted to tin sulfide at all times.

A slight increase in the small amount of sulfur

remaining on the pellets after regeneration was

observed. The tin sulfide and the tin sulfate con

tent remain constant throughout the cycle test

ing, while the tin disulfide increases slightly. The

carbon content of the sulfided samples is low

and varies slightly so the authors conclude that

carbon does not accumulate on the sorbent.

FIGURE 1
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The pellets lose about 40 percent of their original

crush strength during the first 16 cycles. After

the first 16 cycles the crush strength is stable and

only slightly declining.

Tin Dioxide/Zinc Oxide Sorbents

A sandwich bed for deep sulfur removal was also

developed and tested. The sandwich is based on

tin oxide and zinc oxide sorbents. The tin sor

bent acts as a bulk desulfurization agent whereas

the zinc sorbent acts as a fine desulfurization

agent. The absorptions were carried out using

simulated coal gases at 450C and 20 bar and

the regenerations at 500C and 10 bar using

steam containing oxygen.

The sulfur leakage, below 10 ppm, reached

during the absorptions is close to the equilibrium

value for the gas over zinc oxide. Under

regeneration, the steam exiting the reactor con

tained H2S and H2, and towards the end of the tin

sulfide regeneration the steam contained also a

little elemental sulfur due to the low H2 concentra
tion in the steam. The elemental sulfur was

avoided by stopping the H202 addition before the
tin sulfidewas fully regenerated.

Very little disulfide was formed in the tin sorbent

and the zinc sorbent contained only a few

hundred parts per million sulfate. Both of the sor

bents retained their strength and sulfur capacity

throughout the six cycle tests.

Discussion

The H2S equilibrium concentration over the tin

dioxide (and the zinc oxide) is dependent on the

water concentration in the gas. The lower the

water concentration in the gas, the lower the sul

fur concentration reached in the gas after pass

ing it over the tin sorbent. By shifting the gas to

lower water concentration by passing it through

a shift converter before the tin dioxide bed, a

more favorable H2S equilibrium over the tin sor

bent can be obtained in gases from wet gasifiers,

say Siguroardottir and Hojlund Nielsen.
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Table 1 presents typical gas compositions from

three different gasifiers: The Texaco wet gasifier,

the U-Gas gasifier and the PRENFLO dry gasifier.

The tin sorbent alone can clean the wet gases

down to 282 ppm (500C) HS for the Texaco

gas, to 113 ppm (500C) H2S for the U-Gas gas,

and to 27 ppm (400C) H2S for the PRENFLO

gas. By using a shift catalyst before the tin sor

bent the water content can be reduced in thewet

gases giving a low sulfur slip from the tin sorbent.

The equilibrium calculation predicts 33 ppm

(400C) in the Texaco case and as low as

15 ppm (400C) in the U-Gas case. In some

cases it is necessary to clean the gas even fur

ther, but a combination of the tin sorbent fol

lowed by the zinc sorbent can clean the gas

down to a few parts per million HS, and with the

addition of shift catalyst, down to below 1 ppm.

####

INTERNATIONAL

CLEAN COAL TECHNOLOGY RECEIVES

INCREASING ATTENTION IN CHINA

China has abundant coal resources, and China is

the world's largest producer and consumer of

coal. Chinese coal production in 1992 was

1.11 billion tons and coal consumption was

1.14 billion tons, which was 24.4 percent of the

TABLE 1

HS EQUILIBRIUM OVER TIN DIOXIDE AND ZINC OXIDE

FOR DIFFERENT GASIFIER GASES

-Texaco U-Gas PRENFLO

After Shift After Shift

Converter Converter

Mol% Mol% Mol% Mol% Mol%

H, 26 37 13 18 27

A 14 25 8 13 3
co2

38 27 21 16 60

H,0 17 6 8 3 4

"I 5 5 50 50 6.0

fr 0.55 0.55 0.15 0.15 0.72

H2S equil.

over: (ppm)

Sn02
at400C 319 33 128 15 27

at500C 282 113

ZnO

at400C 0.7 0.2 0.3 0.1 0.1

at500C 3.7 1.7
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world consumption. Because of its dependence

on coal, China is now making efforts to develop
clean coal technologies.

C. Wu and H. Chen of the Beijing Research In

stitute of Coal Chemistry (BRICC) discussed

clean coal technology in China at the World

Energy Council 16th Congress held in Tokyo,

Japan, last October.

In 1994, in order to improve coal utilization ef

ficiency, control environmental pollution and

develop engineering research work on clean coal

technology, the Ministry of Coal Industry in China

established the Clean Coal Engineering and Tech

nology Research Center of Coal Industry. The

Clean Coal Technology is expected to address

the following areas:

- Coal processing-an advanced and prac

tical coal preparation technology and bri

quetting technology.

- Coal conversion-coal gasification,

pyrolysis and dry distillation of coal, and

coal liquefaction.

- Coal combustion and its treatment-

Integrated Gasification Combined Cycle

(IGCC), Pressurized Fluidized-Bed Com

bustion (PFBC), fluidized-bed combus

tion technology for middle and small in

dustrial boilers (burning coal with low

calorific value, coal slurry and coal

refuse), coal water mixture technology,

sulfur fixing technology in combustion,

and desulfurization technology of flue

gas.

- Pollution control in the development and

utilization of coal-the development and

utilization of coal bed methane

resources, clean treatment and utilization

of solid and liquid waste, and pollution

control technology of coking plants, ce

ment plants and fertilizer plants.

Some of the clean coal research and develop
ment projects already underwaywere discussed

byWu and Chen.

Combustion

In order to reduce the problems associated with

direct coal burning, China has been developing
fluidized-bed combustion technology, briquette

technology and coal-water mixture technology.

Fluidized-Bed Technology - Three generations

of fluidized-bed technology have been developed

in China. The first generation technology em

phasized the bubbling bed boiler technology for

burning of low calorific fuel. The second genera

tion technology is a circulating fluidized-bed tech

nology. Since commercialization in the 1980s,

the second generation technology has rapidly

developed. Over 300 boilers with capacities of

10 to 130 tons per hour have been put into opera

tion. The third generation technology is a pres

surized circulating fluidized-bed technology and

is in a demonstration stage. A 15-megawatt in

tegrated pilot facility has been developed and a

pilot powerplant has been built at Jiawang
Electric Powerplant, Jiangsu Province.

Briquetting Technology - China has also made

great progress in briquette technology in recent

years. The goal of fine coal briquetting technol

ogy is to use low-cost fine coal to produce bri

quettes.

At present, briquetting is an economical and prac

tical clean coal technology in China. The invest

ment for briquette production is only
one-

fifteenth that for coal gasification. When finances

are not available to build a large town-gas coal

gasification plant, the use of briquettes is an

economic means for pollution reduction.

Briquette processing for residential use has be

come a mature technology. The bottom-ignition

honeycomb briquette which is made from

anthracite coal is used throughout the country.
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The smokeless top-ignition honeycomb briquette

made of bituminous coal and lignite is in use in

over 10 cities and provinces.

Development of the industrial briquette has

focused on chemical fertilizer briquettes, gas

producing briquettes, boiler briquettes and

locomotive briquettes. Briquetting technology
for brown coal, bituminous coal and anthracite as

well as the development of equipment has been

accomplished.

Coal-Water Mixtures - Research and develop
ment of coal-water mixtures has progressed

quickly in China. Six coal-water mixture prepara

tion plants have been set up with the total

capacity of 1 million tons per year. A series of

coal-water mixture products is produced: one is

a low-ash high concentrated coal-water mixture;

second is a low-ash and medium high con

centrated coal-water mixture; and third is a high-

ash medium-low concentrated coal-water mix

ture with no additives. As a combustion material,

coal-water mixtures have been used in industrial

boilers and kilnswith good combustion results.

Coal Conversion

Coal conversion in China has focused mainly on

coking; however, coal gasification and liquefac

tion technologies have also been developed.

Coking - China is the second largest coke

producing country in the world. The national

coke production in 1990 was about 80 million

tons. Research and development efforts have

focused on coking technology, coal blending
methods, evaluation of coal and coke, and pre

diction of coke quality.

Gasification - China's consumption of coal-

produced gas in 1990 was 23.59 billion cubic

meters. Most of the coal-produced gas comes

from coke ovens. BRICC has made in-depth

studies on industrial development and fundamen

tal characteristics of the coal gasification technol

ogy. An atmospheric water gas process is

usually used to produce the town gas for small-

and medium-sized cities in China. The atmos

pheric circulating fluidized-bed process and at

mospheric fixed-bed two-stage gasification

(water-gas type) process are in development.

The successful development of coal gas

mechanization equipment will promote the town

gas development, increase town-gas utilization in

the cities, save coal energy and reduce pollution,

say the authors.

Heating efficiency can be improved effectively by
the application of coal gasification. For example,
1 ton of coal which is gasified will have the same

heat results as 1.5 to 1.9 tons of coal which is

burned directly. With China's national coal con

sumption of 150 to 200 million tons for residential

application in cities and towns, if 30 million tons

of coal could be gasified to provide cities with

town gas, 10 to 15 million tons of coal will be

saved which could reduce the energy needed for

coal and refuse transportation and could reduce

environmental pollution.

As for industrial fuel gas, an atmospheric fixed-

bed one-stage gasification process is generally
used for the gas production at present. The at

mospheric fixed-bed two-stage gasification

(fluidized-bed type) process is in the industrial

trial stage.

Texaco gasification technology, which has a high

gasification efficiency, large production capacity

and good adaptability to different kinds of coal, is

also being used. The Lurgi pressurized-

gas'ification process and the associated main

equipment are imported from Germany and

former Czechoslovakia to produce coal gas for

big cities, and are being used in the Lanzhou and

Harbin gasification plants.

Over 50 percent of the national coal reserves in

China are brown coal and young bituminous

coal. The upgrading of brown coal and young

bituminous coal can reduce the water and sulfur

content, increase calorific value, and improve the

sales price. The low- and middle-temperature

dry distillation process and mild gasification

process are applied to produce coal gas with

middle- and high-calorific value, crude gasoline

and diesel oil, and smokeless burning material.
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A small-scale trial of a multistage rotary furnace

with a new pyrolysis process for young
bituminous coal, developed by BRICC, has been

completed. After the middle-scale trial, a

demonstration plant with a capacity of

20,000 tons per year was built. The design of a

plant with a capacity of 100,000 tons per year is

under way.

Liquefaction - As a result of its direct liquefaction

research efforts, BRICC has developed interna

tional partners and has established three small li

quefaction pilot facilities, with coal processing
capacities of 1.8 to 120 kilograms per day. Ten

coal producing areas have been selected for

proposed future coal liquefaction applications in

China. A study on the liquefaction characteristics

of all types of coal in China was completed.

Research on the processing conditions of coal li

quefaction, catalysts and the refinement of coal

liquefaction oil, a feasibility study for a Yanzhou

coal liquefaction plant, and the hydrogen crack

ing technology for producing gasoline and diesel

from low temperature tar have been completed.

In coal indirect liquefaction, a great deal of

research work has been done. Shanxi Research

Institute of Coal Chemistry, China Science

Academy, has developed a new process for the

synthesis of gasoline. A 2,000-ton per year

demonstration plant is being constructed.

In addition to the technologies already dis

cussed, other proposals for reducing the nega

tive environmental impacts of coal include:

- Improving coal preparation and washing

technology

- Finding uses for the ash from coal-fired

powerplants

- Finding uses for the coal refuse from

coal mining and coal preparation opera

tions

Utilizing the associated minerals in coal

resources

####

ENVIRONMENT

IGCC EMISSION FACTORS RATED

The 1990 Clean Air Act Amendments (CAAA)
mandated that the United States Environmental

Protection Agency (EPA) evaluate emissions and

health risks associated with 189 Hazardous Air

Pollutants (HAPs) emitted from the stacks of

electric utility steam generation stations.

In response the Electric Power Research Institute

(EPRI) initiated the Power Plant Integrated Sys

tems: Chemical Emission Studies (PISCES)
research program. Parallel to EPRI's efforts, the

United States Department of Energy (DOE) has

also conducted field measurements.

A paper presented by P. Chu, of EPRI, et al. at

the Conference on New Power Generation Tech

nology, held in San Francisco, California, last Oc

tober evaluates the distribution of various toxic

air emissions from three advanced and one base

case conventional power system.

The sites tested included:

- Destec Energy's 160-megawatt In

tegrated Gasification Combined-Cycle

(IGCC) powerplant in Plaquemine,
Louisiana. A low-sulfur, Western sub

bituminous coal is gasified in Destec's

oxygen-blown, two-staged, entrained-

flow, slagging gasifier.

- The Tidd Pressurized Fluidized-Bed Com

bustion (PFBC) demonstration plant in

Brilliant, Ohio. The Tidd plant is a 70-
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megawatt bubbling-bed PFBC that bums

a Pittsburgh No. 8 Eastern bituminous

coal. Dolomite is added, along with the

coal, into the bubbling bed for S02 con
trol.

- EPRI Site 10 bums a subbituminous coal

in a nominal 100-megawatt Circulating
Fluidized-Bed Combustor (CFBC).

- EPRI Site 12 was chosen as the base

case conventional Puiverized-Coal-Fired

(PC) powerplant. Site 12 burns a

bituminous coal in a 690-megawatt wall-

fired boiler.

Field Results

The target HAPs for the EPRI and DOE field

studies were divided into two groups-the trace

elements and the organics. The organics are

created during the combustion or gasification

processes. Because these compounds are

generally present in the vapor phase at stack con

ditions, organics are not effectively controlled by
a conventional particulate control device. Trace

elements in the coal can be sub-divided into two

sub-groups-depending upon their relative

volatility.

- Particulate Phase Metals - These met

als partition primarily to the solid phase

and are effectively controlled by a con

ventional particulate control device.

These include As, Cd, Cr, Ni, and Pb.

- Volatile Inorganics - These include Hg,

Q, and Se. This sub-group is relatively

volatile at stack gas conditions and is not

consistently controlled by a conventional

particulate control device.

Results from EPRI's PISCES and DOE field tests

indicate that trace element emissions from con

ventional powerplants can vary by 3 to 4 orders

of magnitude. This variability is due to process

conditions (such as the coal) as well as sampling

and analytical variability.

Trace Elements

Figure 1 compares the mean emission factors for

select trace elements for all four power systems.

The emissions are generally low (less than

10 micrograms per cubic meter-which is in the

parts-per-billion (ppb) range) for all four power

systems.

Also shown in Figure 1 are the particulate emis

sions. Emissions of particulates and trace metals

associated with the particulate phase can be re

lated, although there are other factors that may
affect this relationship as well. For example, in

the IGCC plant, the particulate loading in the syn

gas was lower than the particulate emissions

from the turbine stack. This could be due to

several reasons including ambient particulates in

the combustion air to the turbine.

Because the four power systems bum different

coals, the trace element emissions have been nor

malized to the heating value of the coal. A nor

malization like this is useful when comparing

emissions across various powerplants of similar

design but different coal heating values.

However, the thermal efficiency of the advanced

power systems (PFBC and IGCC) are expected

to be significantly higher than a conventional PC

plant, which must also be considered when com

paring expected total emissions from the four

power systems, say the authors.

Particulate PhaseMetals

In general particulate phase metals are as

sociated with the fly ash particulates and are ef

fectively controlled by conventional particulate

control devices (e.g., electrostatic precipitator,

fabric filter).

However, the high-temperature, high-pressure

IGCC process at Destec produces a slag which

captures most of the
"major"

elements (Fe, Al,

Ca) as well as the particulate phase metals (As,
Cr, Ni). Some removal of trace elements is also

observed in the venturi particulate scrubber and

the Selectamine scrubber.
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FIGURE 1

COMPARISON OF TRACE METAL EMISSION FACTORS
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Volatile Inorganics

Removal efficiencies of the volatile inorganics are

related to equipment design as well as site-

specific factors such as the initial concentration

in the fuel. Both the conventional PC plant and

the IGCC employ a wet sulfur removal system.

The IGCC plant also employs a wet particulate

scrubber. Both plants achieve good

(>60 percent) removal of the volatile
inorganics.

The fluidized-bed combustors employ a lime

stone bed for SO removal. The alkaline particu

lates appear to effectively remove selenium and

HO in both the PFBC and the CFBC. Little mer

cury removal was observed at the PFBC.

Organic Compounds

The emissions of organics at each of the four

power systems were generally low (at the ppb

levels). Figure 2 plots the concentration of ben

zene and toluene as well as the Benzo(a)Pyrene

[B(a)P] equivalents for all four power systems.

The Pdynuclear Aromatic Hydrocarbons (PAHs)
include a number of compounds. The B(a)P

equivalent provides a method of summing all the

various PAHs.

Conclusions

HAPs measurements for the advanced power sys

tems are limited, thus it is not possible to develop
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FIGURE 2

COMPARISON OF ORGANIC EMISSIONS
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any definitive comparisons in regards to emis

sions from the various power systems. However,

according to Chu et al., it can be concluded that

the air toxics emissions (including the trace ele

ments and the organic compounds) from all four

power systems were generally low and were in

the ppb levels. Removal efficiencies of the par

ticulate phase metals (e.g., As, Cr, Ni) were con

sistently greater than 90 percent. Removals of

the volatile inorganics (e.g., Hg, Se, and CI) were

more variable and, in general, less efficient.

####
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ECONOMICS The SSPD Reactor

SLURRY-PHASE FT PROCESS COULD

INCREASE PROFIT BY $4 PER BARREL

Fischer-Tropsch (FT) processes can be used

either to produce a light syncrude and light

olefins or to produce heavy waxy hydrocarbons.

For gasoline and light olefins production, FT is

operated at high temperature (330 to 350C).

For waxes and/or diesel production, FT is

operated at low temperatures (220 to 250C).

Traditionally, high temperature FTwas performed

in Synthol Circulating Fluidized-Bed (CFB) reac

tors and low temperature FT in Arge Tubular

Fixed-Bed (TFB) reactors. Over the last few

years much better reactor systems have been

developed for both High Temperature FT (HTFT)
and LowTemperature FT (LTFT). B. Jager of Sas

tech R&D discussed these improved Sasol

Fischer-Tropsch processes at the 12th Interna

tional Pittsburgh Coal Conference held in Pitts

burgh, Pennsylvania, last September.

For LTFT, the Sasol Slurry Phase Distillate

(SSPD) reactor, of the bubble-column type, was
developed. The SSPD reactor consists of a ves

sel containing a slurry of process derived wax

with catalyst dispersed in it. Syngas is bubbled

through this slurry bed and is converted to

hydrocarbons. The heat generated is passed

from the slurry to the cooling coils inside the reac

tor to generate steam.

The light hydrocarbons, in the vapor phase, are

removed from the freeboard in the top of the

SSPD reactor with the unconverted reactants

and are condensed in the downstream condens

ing train. The heavier liquid hydrocarbons are

mixed into the slurry from which they are

removed in a proprietary process developed by
Sasol. Excellent results are obtained by this

separation step.

The conventional TFB Arge reactor is compared

with the SSPD reactor in Figure 1. The ad-

FIGURE 1
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vantages of the SSPD reactor over the conven

tional TFB Arge reactor include:

The SSPD reactor is much simpler in con

struction than the TFB reactor.

- A single SSPD reactor has the capacity

of sixArge reactors.

- The cost of a single 10,000-barrel per

day SSPD reactor train is about

25 percent of that of an equivalent TFB

reactor system with six reactors.

- The SSPD reactor is well mixed and can

operate isothermally which allows much

higher average operating temperatures

in the SSPD reactor and hence higher

reaction rates.

- The catalyst consumption per ton of

product is only 20 to 30 percent of that of

the TFB reactor.

- The SSPD reactor allows for on-line

catalyst removal and addition which is

not feasible for the TFB reactor.

- The control of the SSPD reactor is much

simpler and operating costs are much

reduced.

The SAS Reactor

The Sasol Advanced Synthesis (SAS) reactor

with solid-gas fluidization was developed for

HTFT. The Synthol CFB and SAS reactors are

compared in Figure 2.

The major advantages of the SAS reactor over

the CFB reactor are its simplicity, ease of opera

tion, lower operating cost due to elimination of

the catalyst recycle and in general higher conver

sions at higher gas loads. The latter, together

with the fact that more cooling coils can be in

stalled in the SAS reactor and more heat can be

removed, allows for larger capacity equipment

FIGURE 2
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which translates into advantages of economy of

scale. SAS reactors also have thermal ef

ficiencies 4 percent points higher than CFB reac

tor systems. The cost of these reactors is about

40 percent of that of equivalent CFB reactor sys

tems. An 8-meter diameter, 10,000-barrel per

day SAS reactorwas successfully commissioned

during June 1995 and has been running

smoothly ever since.

LTFTVersus HTFT

The typical product composition for LTFT and

HTFT reactors is summarized in Table 1.

SSPD plant is $4 more per parrel than that from

the high-temperature SAS plant.

The higher capital required for the HTFT SAS

reactor plant is mainly due to the cost of recover

ing the light hydrocarbons from the tail gas and

the more complex refinery needed for the HTFT

process.

####

METHANOL MAY BE POISED TO BECOME A

POWER GENERATION FUEL

Although the fraction of olefins obtained from the

new low temperature SSPD process is smaller

than that obtained from HTFT, the mainly straight

chain alpha olefins are easily hydrogenated to

straight chain paraffins, which are potentially valu

able products. It is envisaged that for large

grassroots plants using the commercially proven

SSPD process, there is considerable incentive to

recover these valuable olefins.

The process economics for HTFT and LTFT

grassroots plants, using natural gas as a

feedstock, are compared in Table 2 (next page).

The profit estimated for the low-temperature

While the technical know-how for the use of

methanol as a gas turbine fuel has been available

for more than 15 years, there has been no large-

scale use. The driving forces, political, strategic,
but mainly economic, have been absent.

However, two trends are now evident which may

provide the driving force previously lacking.

First, power generation in many parts of the

world is being deregulated and private sector

producers are moving into the field. Secondly,

offshore oil-field operators are under pressure to

utilize the associated gas which has been

regarded in the past either as a nuisance or at

best used for reinjection.

TABLE 1

TYPICAL PRODUCT COMPOSITION FOR LTFT

AND HTFT REACTORS

LTFT SSPD Reactor -HTFT

C -C iAa C-C
I2 ^1114

% Paraffins 29 44 13 15

% Olefins 64 50 70 60

% Aromatics 0 0 5 15

% Oxygenates 7 6 12 10

% n Paraffin 96 95 55 60
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TABLE 2

PROCESS ECONOMICS FOR

GRASS ROOTS PLANTS

SSPD SAS

Nominal Plant Capacity, bbl/d
Capital Costs,

$x106

Capital, $1,000 per installed bbl/d
Number of Reactors

Product Income

Oil Price, $/bbl

Gasoline, $/bbl

Diesel & Kerosene, $/bbl

Quality Premium, $/bbl

Total, $/bbl

Process Costs

Feed @ $0.50/MMBTU, $/bbl

Other Costs, $/bbl

Cash Margin, $/bbl

Operating Factor
ROI (pre-tax), percent

10,000 50,000

300 1,700

30 34

1 3

16 16

1 2

3 2

4 2

24 22

5 5

5 7

14 10

0.9 0.9

15 10

K. Mansfield of ICI Katalco discussed the poten

tial for methanol in the power generation market

at the 1995 World Methanol Conference held in

Phoenix, Arizona, last December.

Methanol has a number of technical advantages

as a turbine fuel. It is extremely clean, containing

no sulfur, no particulates and no nitrogen. It

burns at lower temperatures than natural gas or

petroleum-derived liquid fuels and consequently,

has the potential to reduce NOx emissions.

The first extensive test of methanol in a turbine

took place in 1979. This trial, carried out by the

Electric Power Research Institute in collaboration

with Southern California Edison, completed over

500 hours of testing on a gas turbine at Southern

California Edison's facility at Ellwood, California.

This is a full-scale commercial gas turbine facility
with a rated electrical output of 52 megawatts.

Methanol produced lower emissions than natural

gas on all counts and out-performed distillate in

NOx emissions. In addition, methanol marginally
exceeded the efficiency achieved with distillate or

natural gas under comparable conditions with no

water injection. The trial concluded that

methanol would be an excellent turbine fuel both

from an operational and an emissions viewpoint.

Unfortunately, at the time that this work was

being carried out, the world was passing through

a period of high methanol prices, arising from the

oil price crisis of 1980/1981 . On a BTU basis the

cost at that time was approximately twice that of

distillate fuels, an overwhelming disincentive to

its adoption.

Market Forces

The deregulated power generation trend has

been under way in the United Kingdom for some
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time and is exemplified by the joint venture be

tween ICI, Enron and four regional electricity

companies who operate a 1 ,875-megawatt

combined-cycle powerplant at ICI's chemical

complex at Wilton in the North East of England.

Similar deregulation processes are under way in

the United States, Japan and India. Given the

availability of natural gas, or possibly methanol,

at competitive prices, the combined-cycle sys

tem for power generation is favored because of

the lower capital cost, high efficiency and short

project completion times. A market is coming

into being then, which is readily adaptable to the

use of methanol, able to absorb large quantities

without requiring significant investment in distribu

tion infrastructure, and likely to expand.

This market will still require its fuel, natural gas or

methanol, to be delivered at competitive prices.

Large-scale conversion of associated gas off

shore, for instance, could provide the quantities

required at a competitive fuel cost, while still

providing the offshore operator with added value

over and above that of reinjection.

Market Opportunity

By the standards of the power generating in

dustry the natural gas usage in a typical world

scale methanol plant is small. A 3,000-tonne per

day methanol plant requires about 100 million

standard cubic feet per day.

An indication of the potential for methanol as a

fuel for combined-cycle powerplants can be ob

tained by examining specific regional markets.

Where gas is plentiful, the market large and trans

mission pipeline systems extensive, such as in

North America and Continental Western Europe,

there is unlikely to be an opportunity for

methanol.

However in regions dependent for their energy

on imports by sea transportation, methanol could

be attractive as an alternate. Japan, South Korea

and Taiwan are such regions. An estimate of the

potential can be obtained from the national statis

tics for power consumption and growth. Table 1

shows this information with the annual increase

in power consumption translated into tons of

methanol required.

Technology Challenge

A world-scale combined-cycle powerplant of

2,000 megawatt capacity would require

16,400 tonnes per day of methanol. However,

the output of the largest single stream methanol

plant today is only 3,000 tonnes per day. In or

der to supply the large quantities required and to

gain the economics of large-scale production,

the pressure will be on to greatly extend the

capacity of single stream plants.

Regardless of whether a reformer is to be

operated onshore or offshore, the conventional

design is not suitable for scaling up to large

single stream sizes, i.e., in the range of

5,000 tonnes per day. Moreover the conven

tional design is limited to an operating pressure

of about 20 bar which then dictates the need for

a large compressor to bring synthesis gas up to

methanol synthesis pressure. Both of these

problems of scale-up can be overcome with a

Gas Heated Reformer (GHR), says Mansfield.

There are currently three GHRs of ICI design in

service, two on ammonia duty, each of capacity

450 tonnes per day and one on methanol duty, of

capacity 165 tonnes per day. Based on the ex

perience gained in the design and operation of

these units, a GHR of 5,000-tonne per day

capacity is a practical proposition in terms of

dimensions and weight, according to Mansfield.

The second major scale-up benefit of the GHR is

its ability to operate at pressure. This arises from

the small differential pressure across the reformer

tube wall, only 6 bar compared with 20 bar for

the conventional reformer. The existing commer

cial GHRs operate at 40 bar. However, given con

tinued good experience with the GHR metallurgy

it is expected that this can be increased in due

course to 80 bar. This allows the process to be
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TABLE 1

POTENTIAL METHANOL DEMAND

Methanol

Power Methanol Equivalent

Growth Equivalent Assuming
Power Rate Millions 20% Share

Consumption %per ofTons ofAnnual

1992 GWh Annum perAnnum Growth

Japan 949,000 4 13 2.6

S. Korea 123,898 11.5 4.8 0.96

Taiwan 93,561 8.5 2.7 0.54

Total 20.5 4.1

Note: 50% fuel efficiency is assumed.

Source: Mansfield

come single pressure, and overcomes the com

pressor scale-up problem, and the compressor

costs, by eliminating them.

The GHR/secondary combination requires a

source of oxygen or enriched air. A 5,000-tonne

per day methanol plant requires approximately

2,500 tonnes per day of oxygen, which is a large

facility. The leading air separation technology

companies have carried out study work on

oxygen plants approaching this capacity, includ

ing design for operation in the offshore environ

ment, and concluded that the concept is feasible.

The problem is also eased somewhat by the

ability of a GHR-based methanol plant to use rela

tively impure oxygen~90 percent.

The traditional cryogenic approach for large-

scale oxygen plants is preferred over oxygen

production by pressure swing adsorption. A

2,500-tonne per day cryogenic unit of this size

could be assembled in a compact arrangement

consisting of 10 modules. The total erection

weight of the 10 modules is 1,000 tons, the

heaviest individual item weighing 300 tons. The

total assembly can be accommodated in an area

of 800 square meters.

Enabling technology for large methanol plants

and offshore methanol plants is emerging. This

promises to extend the economies of scale and

allow the capital charges to be reduced.

####

TECHNOLOGY

DME HAS POTENTIAL TO BECOME MAJOR

SYNTHETIC FUEL FROM NATURAL GAS

In response to new environmental laws and

regulations in the United States, industry has in

vested hundreds of millions of dollars in new

equipment to achieve
"cleaner"

diesel fuel ex

haust emissions and to identify fuel alternatives

to meet these new regulations. An important
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area for industrial technology development has

been the production of liquid fuels from natural

gas reserves.

In a recent collaborative effort, Amoco and Hal

dor Topsoe S/A evaluated the suitability of

Dimethyl Ether (DME), which can be manufac

tured from natural gas, as an ultraclean diesel

fuel. M. Gradassi et al. of Amoco Exploration

and Production Technology Group summarized

the results of this study at the 1995 World

Methanol Conference held in Phoenix, Arizona,
last December.

DME Characteristics

DME is the simplest of all ether compounds. It is

a colorless and nearly odorless liquid that looks

likewater. Today, about 150,000 tonnes per year

of DME is used primarily as an aerosol propellant

because of its environmentally benign charac

teristics. It is virtually non-toxic and it is not clas

sified as a carcinogen, teratogen or mutagen. It

is non-corrosive and burns with a visible blue

flame.

From a safety viewpoint, DME can be

transported, stored and dispensed as a liquid fuel

similar to Liquefied Petroleum Gas (LPG) or

propane. With the exception of seals typically

employed, LPG technology can be used to

transport and distribute DME in the marketplace.

The LPG industry has an outstanding safety

record and DME can be handled in the same safe

manner, according to Gradassi et al.

DME has a volumetric energy content less than

that of conventional diesel, gasoline and LPG

fuels. However, DME has a high cetane number,

a measure of its suitability as a fuel for diesel or

compression ignition engines. In this regard

DME can largely overcome its volumetric energy

deficiency by taking advantage of the inherently

higher efficiency offered by diesel engines over

gasoline or spark-ignition engines.

One of the greatest benefits of DME as a diesel

fuel alternative is that it does not produce the

soot that is so often associated with diesel en

gine emissions. Tests with DME fuel

demonstrated emissions below the 1998 Califor

nia Ultra-Low Emission Vehicle regulation for

mediumo'uty vehicles without the use of exhaust

aftertreatment as shown in Figure 1.

The overall
"cradle-to-grave"

greenhouse gas

emissions of DME are similar to diesel and lower

than all other fuels. In the case of DME, its
"cradle-to-grave"

emissions include the

greenhouse gases emitted from the production

of natural gas, the transmission of natural gas

from the production field to the DME manufactur

ing plant, the manufacture of DME, the transport

of DME to the consumer, and the combustion of

DME in the vehicle engine. Greenhouse gases

include C02, N20 and hydrocarbons such as

methane.

DME Manufacturing Process

The total world production capacity for DME is

about 150,000 metric tonnes per year (mtpy). it

is currently made via methanol dehydration.

Haldor Topsoe A/S (HT) developed and

demonstrated in a 50-kilogram per day pilot plant

an integrated process for the direct production of

Natural Gas

FIGURE 1
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DME from synthesis gas. The HT process

employs a converter catalyst with a methanol

dehydration function to take advantage of equi

librium conditions that favor the formation of

DME over methanol at operating pressures

below that of conventional methanol manufac

ture. A block flow diagram of a large-scale DME

plant is illustrated in Figure 2.

HT has claimed that they can build large green

field DME plants with capacities ranging from

about 1,800 to 7,200 mtpd (10,000 to

42,000 diesel barrel equivalents per day, dbed),

without further plant scale-up studies.

Large-scale DME plants can make use of a

single-train autothermal reformer fed by two air

separation plants, a single-train DME converter,

and a single-train product purification unit.

Large-scale plants producing DME for fuel use

likely will have capacities in excess of 4,300 mtpd

(25,000 dbed). By comparison, today's world

scale methanol plants have capacities of about

2,500 mtpd methanol, which is equivalent to

about 1,800 mtpd DME.

DME Manufacturing Cost

The HT study cited by Gradassi et al. reports that

a DME plant is less capital intensive than a

similarly sized methanol plant and that significant

savings can be achieved by producing raw,
fuel-

grade DME at large scale. In addition, natural

gas consumption of a DME plant is about

5 percent less than an equivalently sized

methanol plant.

The most important contribution to low cost DME

comes from the ability to build single-train

"Megaplants"

which are 4 times larger than

today's largest methanol plants. Such plants can

consume 8 million cubic meters of gas per day

(300 million standard cubic feet per day) and

produce 7,200 mtpd (42,000 dbed), enough to

fuel 20,000 buses per day. The capital cost of

such a plant is close to US$1 billion.

In addition to capital costs, end-user costs will

play a role in DME's viability as an alternative

FIGURE 2
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fuel. End-user costs include fuel and fuel

transport costs to the filling station, as well as

vehicle retrofit and new fuel distribution infrastruc

ture costs.

The authors estimate that the relative end-user

cost of DME excluding excise taxes is 15 percent

less than the relative manufacturing cost of

diesel. After ocean shipping of DME to the

United States Gulf Coast, its relative cost is about

the same as diesel.

However, DME also requires new infrastructure

such as pipelines, trucks and pumps, and a

retrofit of existing vehicles. Thus, in total, DME's

end-user cost excluding excise taxes is about

35 percent higher than that for conventional

diesel fuel.

In Europe, because of the high excise tax load,

the end-user cost of DME, including the cost of

infrastructure and retrofits, is only about

6 percent higher than that of conventional diesel

fuel.

The DME transportation fuel market is envisioned

to grow in three stages with demand being met

via three different manufacturing approaches.

These include methanol dehydration, retrofit or
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piggy back on existing natural gas conversion

plants, and lastly, large-scale greenfield plants.

The conversion of natural gas into DME and its

use as a diesel fuel alternative constitutes a

major advancement in gas conversion tech

nologies. According to Gradassi et al. today's

methanol producer likely will also be tomorrow's

DME producer.

####

REFORMING METHANE WITH CO FOR

POWER OFFERS POSSIBILITY OF

CHEMICALS COPRODUCTION

Over the last few years the steam reforming of

methane to increase efficiency of fossil power

generation cycles has been investigated by the

Electric Power Research Institute (EPRI) and

others. The EPRI has also investigated the uses

for carbon dioxide, primarily to find new or ex

panded applications for this identified

"greenhouse
gas"

emission product. The en

dothermic reforming of CH4 with C02 can be a

way to accomplish both of these objectives.

A. Walters of Advanced Energy Research and

W. Weber of EPRI discussed the power genera

tion applications of reforming methane with car

bon dioxide at the Conference on New Power

Generation Technology held in San Francisco,

California, last October.

Chemical Bottoming Cycles

Figure 1 shows a simplified example of a chemi

cal bottoming cycle for a power generation ap

plication. Useful thermal energy leaving the gas

turbine or fuel-cell power generation unit is

returned by converting it to chemical energy in

the reformed fuel. It is also possible to use fuel

reforming to generate syngas for coproduction

applications.

Both C02 and H20 reforming of CH4 are en

dothermic reactions. However, reforming with

CO yields products that have about 30.8
percent

FIGURE 1

CHEMICAL BOTTOMING CYCLES

CT HEAT

REFORMER

LESS HEAT

OR

FUEL CELL

FUEL+ FUEL

^

V "

CO^aO

ELECTRICITY SYNGAS

SOURCE: WALTERS AND WEBER

more Lower Heating Value (LHV) energy than the
original methane, while reforming with steam

results in products that yield about a 25.7 percent

increase in LHV. This may allow the reforming

action with C02 (or reforming CH4 with both C02
and steam) to recycle more thermal energy (on a

LHV basis) back to the top of a fossil power gen

eration cycle than the steam-reforming reaction.

The combined H20 and C02 reforming of CH4
can be used to provide for even higher power

generation cycle efficiencies and a wide range of

CO:H2 ratios for use in a variety of

electricity/chemical coproduction applications

using fuels containing CH4 (or other low-

molecular-weight hydrocarbons).

Sources and Benefits of C02

Although a powerplant exhaust gas, or other flue

gas, source of CO. cannot be competitively jus

tified for use in CK4 reforming without subsidies

for C02 emission reductions, there are a number
of sources of gaseous fuels that are high in both

C02 and CH4 (and other hydrocarbons). These

include raw natural gas, raw landfill gas and raw

biomass-digester gas. Another component typi

cally found in these raw gaseous fuel sources,

H2S, can actually be used to enhance the

catalytic reforming of CH4 with C02 by passivat-
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ing the catalyst to avoid carbon deposition via

the Boudouard reaction.

In addition to the energetic benefit of C02 reform
ing for enhancing bottoming/topping cycles,

another benefit would be the ability to ac

complish chemical fuel recuperation arid chemi

cal feedstock production in dry regions where

the consumptive use of water may be restricted.

Such consumption of water can also limit the use

of other competing bottoming/topping cycles,

such as gas turbine steam injection and inlet air

humidification. Thus, special power generation

and coproduction applications may exist for the

C02 reforming of CH4 in dry regions near

sources of raw natural gas, raw landfill gas or raw

bio-generated fuel gas.

PowerGeneration Applications

In a typical chemical recuperation application for

C02 reforming, the thermal energy in the hot ex

haust gases from a gas turbine is converted to

additional fuel energy (see Figure 1). Because

the temperatures available in gas turbine ex

hausts limit the equilibrium conversion, C02
reforming may increase the fuel LHV by only

about 10 to 15 percent, instead of the full

30 percent for completion of the reforming reac

tion.

This heat recovery bottoming/topping applica

tion might be technically appropriate for applica

tions, such as:

- Gas turbine size too small to justify a bot

toming steam turbine

- Insufficient water supplies for steam

reforming, steam injection or humidifica

tion cycles

- Powerplant operating hours too few to

justify a bottoming steam turbine

As shown in Figure 1, another example of

C02/CH4 reforming is where the thermal energy

from a gas turbine used for a topping cycle

repowering is first used for syngas production in

a coproduction application.

C02 reforming of landfill gas for a high-

temperature fuel-cell application was also

proposed. In this case much of the cost of clean

ing the landfill gas, e.g., about $120 per kilowatt

for molten carbonate fuel cells, can be saved, al

though carbon formation inside the fuel cell will

be another issue to resolve.

For all of these applications there is no definite

ratio of C02:CH4 that is required. Excess CO

will increase the conversion of the CH4 and add

power-producing mass flow to a gas turbine.

Also, both C02 and HO can be used together to

enhance the cycle efficiency-improving benefits

of reforming and to further prevent carbon

deposition on the reforming catalyst.

Chemical Coproduction Applications

The CO:H ratio of the syngas can be adjusted

from slightly CO-rich to very H -rich to meet the

composition needs of desired chemical products,

such as methanol, higher alcohols, urea and

other fertilizers, MTBE and other gasoline octane

enhancers, and Fischer-Tropsch liquid hydrocar

bon mixtures.

Due to the lower capital costs involved,

chemical/fuel coproduction using C02 reforming

(and steam reforming) of raw gaseous fuels can

provide for earlier commercial coproduction ap

plications than the customary
coal-gasification-

based applications. This could be viewed as

"phased gasification
coproduction"

if coal

gasificationwas considered for providing the syn

gas, as well as the power generation fuel gas, at

a future time when coal became cheap enough

compared to the gaseous fuels.

Equilibrium and Reaction Kinetics Limitations

Both the CO and the H20 reforming of CH4 have
equilibrium limitations that go from essentially no

conversion to full conversion over the temperature

and pressure ranges of useful power generation
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applications. The effect of temperature on

C02/CH4 reforming equilibrium is shown in

Figure 2.

As shown, the temperatures of typical aero-

derivative gas turbine exhausts will be too low to

get any significant conversion to reformer

products, whereas the temperature of typical

solid oxide fuel cells will allow for nearly com

plete conversion. Industrial-frame gas turbine

exhausts and molten carbonate fuel cells have

temperatures that allow for partial conversion to

reformer products; however, the conversion will

also be limited by the operating pressure in the

reformer.

It Is also possible to use solar-thermal energy to

provide the high-temperature heat needed for the

C02/CH4 reforming reaction; there are many
potential applications of this solar topping cycle,

including the potentially competitive repowering

of existing solar thermal power generation

facilities.

Conclusions

Both C02/CH4 reforming and steam reforming
are limiteo by the equilibrium conversions al

lowed by power-generation-application reformer

temperatures. Reforming with H20 has the ad

vantage that water is normally much more avail

able than C02; but there are situations where

CO can be provided more readily than H20.

Both raw landfill gas and raw natural gas can con

tain the CO, needed for C02 reforming. Reform

ing with both C02 and H20 can be used to adjust
the CO/H ratio of the reformer gas product to

meet specific syngas composition requirements.

Avoiding the equilibrium-favored formation of car

bon via the Boudouard reaction will continue to

require careful attention and improved catalyst

design.

FIGURE 2
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RESOURCE

NERA FORECASTS INCREASING DEMAND

FOR NATURAL GAS IN INDUSTRIAL SECTOR

National Economic Research Associates, Inc.

(NERA) Energy Outlook estimates that industrial

gas consumption in the United States totaled

8.45 trillion cubic feet (tcf) last year, nearly

5 percent above 1994 consumption and

4 percent higher than NERA's July 1995 forecast.
Natural gas's strong showing in the industrial sec

tor appears to be due to a combination of attrac

tive prices, the ease with which gas-fired boilers

can be added to industrial sites and
users'

ability

to cogenerate electricity with natural gas when it

is economically attractive to do so.

Continued modest growth is expected (Figure 1).

NERA estimates that more than one-quarter of

the gas consumed in the United States industrial

sector last year was used by nonutility genera

tors of electricity, including both cogenerators

and independent power producers.

With industrial gas prices forecast to average

about $2.60 per thousand cubic feet (Mcf) during
1996, $0.40 per Mcf above last year's average,

and with the economy clearly slowing down a bit,
industrial gas demand is expected to expand at a

more modest rate this year. United States in

dustrial gas consumption is projected to be at

8.65 tcf in 1996, a 2.4 percent increase over last

year, and continued modest growth in industrial

gas use during 1997-2000 is expected. The
"real"

price paid by industrial gas consumers is

projected to stay above $2.50 per Mcf in inflation-

adjusted 1994 dollars.

So far this winter, the weather in the United

States has been 3 percent colder than normal

and 16 percent colder than last year. The need

to rebuild depleted inventories should keep gas

FIGURE 1

FOSSIL FUEL CONSUMPTION IN THE U.S. INDUSTRIAL SECTOR (QUADS)
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demand strong through the spring, and the

Henry Hub price is expected to average

$1.91 per million BTU during the second quarter,

$0.28 above the year-ago price.

This year's higher wellhead prices are expected

to lead to a significant increase in drilling. The

increased supply of natural gas seems likely to

be sufficient to pull prices back down, and NERA

continues to expect an average United States

wellhead price of $2.50 per Mcf in 2000 ($2.15 in

inflation-adjusted 1994 dollars), well below recent

weatherdriven peaks. The wellhead price is

projected to average just over $2.00 per Mcf

during 1996, up from last year's $1.62.

In large part because of the cold weather, NERA

now expects United States gas consumption to

exceed 7 tcf during 1996's first quarter, growing

4.5 percent compared to the first quarter of 1995.

Higher prices may slow slightly the rate of growth

in electric utility gas demand, but a 7 percent in

crease in utility gas use is expected this year, as

more new gas-fired capacity comes on line.

Combined with modest growth in industrial gas

demand and a projected 1 .5 percent increase in

residential and commercial gas consumption,

this should be sufficient to push total United

States gas consumption above 22 tcf for the first

time since 1973. Barring an unexpected

economic contraction, the United
States'

previ

ous record for gas consumption~22.1 tcf in

1972-will fall either this year or next, according

to NERA.
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