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INTRODUCTION

The Refinery Indudtry is confronted with a difficult chdlenge: crude oils are getting
heavier and more contaminated while the demand and the quality of light products, i.e.
trangportation fuels, are increesng. These two facts are in conflict and force the
indugtry to invest heavily to convert heavy products to light products and improve
their qudity, to satify the requirements of progressively severe environmentd
regulations.

Conversion Technologies have been developed and improved over the years under
the pressure of this chalenge. However the zero resdue production ill remains an
impossible target. Conversion, even in its most advanced and codtly form, leaves the
refiner with aresidud bottom product reduced in volume but more contaminated with
sulphur and metds, thus more difficult to dispose.

Yet the refiner must continue to produce high quality transportation fuels and find a
solution for the heavy residue, such as tar, coke, cracking bottoms, asphdt. These
residues be accumulated or stored for ever.

Using these heavy residues for production of eectrica energy, steam, hydrogen and
other syngas based chemicals, is a solution to the problem, provided this conversion
can be done in an environmentdly friendly manner. This paper provides the Refinery
Industry with the generd features, cost and performance data of two key technologies
for converting resdues to marketable products in full respect of the environment.
These technologies are  Integrated Gasification Combined Cycle (IGCC) and
Circulating Fluid Bed (CFB Combustion).

INTEGRATED GASIFICATION COMBINED CYCLE (IGCQC)

IGCC involves the gasification of the heavy resdues. Fig. 1 is a amplified diagram of
the process.
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Gadficaion with oxygen, by means of partiad oxydation, converts the hydrocarbon
dructure into a mixture of hydrogen and carbon monoxide, caled syngas. Partid
oxydation is a flexible process, that can handle any kind of refinery resdue; liquid,
solid and even refinery dudges and tank bottoms.

Syngas is subsequently cleaned in steps, which include COS hydrolysis, H,S remova
and Claus conversion to eementa sulphur, heet recovery, expansion and, if required,
saturdtion.

Typicdly the composition of the clean syngas produced from aheavy residueis.

CO 455 %voal.
H; 43.0 !
CO, 8.2 !
CH, 0.3 !
Ar 1.0 !
N> 0.5 !
H,O 15 !

By products of the process are sulphur, water effluent, sufficiently clean for disposd in
rivers or sea, and ametal concentrate that can be reused for vanadium recovery in the
metdlurgicd indudry.

Clean syngas can be generated at any pressure between 20 and 70 bar, depending on
the find use of syngas. Syngas can be employed to produce pure H, by sdective
membrane separation or shift reaction followed by pressure swing adsorption (PSA)
purification.

Syngas can aso be used to synthetize various chemicas such as methanol, anmonia,
formadehyde, MTBE, oxoacohals, etc.

Syngas is dso an excdlent fue for gas turbines, thus providing a link between
inexpengve resdud fuds and combined cycle, a technology with thermd efficiency
well above 50 percent.



In recent years, there has been consderable progress in enhancing the efficiency and
lowering the cost of IGCC technology.

This has been achieved through improved gasification processes, advanced F
generdion gas-turbine  technology and optimised integration of mgor 1GCC
components.

State-of-the-art IGCC technology is economicaly competitive with other advanced
energy production technologies and offers excdlent environmenta performance. This
is shown by the data in Table 1 and Table 2, which profile two hypothetical 1GCC
modules designed for integration into the operations of oil refineries Each of the
module designs is based on the more efficient heat-exchange approach to cool the
syngas produced, rather than quenching.



Table 1: Comparison of | GCC-Module designs

MODULE 1 MODULE 2

Feedstock: type visbroken tar visbroken tar

sulfur 5 5

flowrate (metric tons/hour) 86 64
Gadifier: type WHB WHB

number 2 2
Gas turbine: frame GE9001FA GE9001EC

number 1 1
NOXx control: type N, dilution N, dilution

ppm (15% O,) 25 25
Integration: ASU air from turbine generator (%) 40 0
Air temperature (°C) 15 15
Cooling-water temperature (°C) 15 15
Power-delivery voltage 380kV 380kV

Table2: IGCC-M odule Performance
MODULE 1 MODULE 2

Feedstock flow rate (metric tons/hour) 86 64
Feedstock lower heating value (kJ/kg) 38520 38520
Oxygen flow rate (as 100% O,, metric tons/hour) 935 69.5
Thermal energy of feedstock (MW1t) 920 683
Syngasfrom gasifiers (MWt) 759 563.5
Gasification efficiency (%) 82.5 83.5
Dry syngas to gas turbines (MW1) 741 5495
Dry syngas to postfiring (MW1t) 0 0
Syngas treatment efficiency (%) 97.5 97.5
Gas turbine gross power output (MWe) 286 215
Steam turbine gross power output (MWe)" 169.5 120.8
Expander gross power output (MWe) 5 37
Gross el ectric power output (MWe) 460.5 3395
Process unit consumption (MWe) 32 25
Oxygen plant consumption (MWe) 4 12
Utility unit consumption (MWe) 6.5 55
Power island consumption (MWe) 3.8 35
Overall electric power consumption (MWe) 575 535
Net electric power output (MWe)? 401 285
Net electrical efficiency (%) 435 416
Investment cost (US$/kW) 1120 1220

! Steam turbine condensing pressure 0-032 bar (abs)
299.5% step-up transformer efficiency included

In generd, such modules can be devel oped to meet the specific needs of a refinery by

careful congderation of the following key design items

Sze and number of gadfiers
gas-turbine frame modd and number

level of syngas podtfiring in the hest-recovery steam generator (HRSG) associated

with the gas turbine.




Desgn parameters for the two IGCC modules sudied are given in Table 1. To
evauate the converson of heavy oil to power more clearly, these modules have not
been designed to coproduce hydrogen and steam. However, coproduction of
hydrogen and steam can be easly added by ether increasing il throughput and
leaving the power output unchanged, or by decreasing the power output and leaving
the oil throughput unchanged.

Table 2 gives key performance data and the estimated investment cost per kilowatt
(kW) of power produced. The investment estimates are based on European costs of
1998 and include al aspects of the complex with the exception of the cost of land.
Atmaospheric emissons from the four modules would not exceed the following limits:

NO, 50 mg/Nn? (dry-15% O.)
SO, 10 mg/Nn? (dry-15% O»)
CcO <10 mg/Nn? (dry-15% O,)
Particulates < 1 mg/Nn? (dry-15% O,)

Despite the poor qudity of the feedstock, emissions are extremely low. Sulfur-capture
effidency, as ratio between recovered liquid sulfur and sulfur in the feedstock, is 99.7
percent.

For Module 1, the cost of producing dectricity has been caculated based on the
following assumptions

Table 3: Basesfor C.O.E.

Internal rate of return (IRR) on total investment 12% and 15%
Economical operating life 20 years
Equivalent availability 88%

Feedstock cost 20 US$/metric ton
Operating personnel 4 million USHlyear
Maintenance cost (% of total investment) 3% per year

Chemicals

6 US$ million/year

Interest during construction

8%

Construction period 3years
Depreciation 10 years
Income tax 35%

Rate of inflation 0% per year
Insurance (% of total cost) 0.6% per year




Using these assumptions, the cost of eectricity per kilowatt hour in U.S. cents,
gpportioned over mgjor categories, is.

Table4: Basesfor C.O.E.

12% IRR 15% IRR
Investment 2.29 2.76
Taxes 059 0.85
Feedstock 0.43 0.43
Maintenance 044 044
Chemicdls 0.19 0.19
Personnel 0.13 0.13
Total 407 4.80

The market for petroleum products is shaped by many factors, and there is a wide
range of options available to refiners for operating profitably under specific technical
and economic conditions. Today, IGCC technology has become an ttractive option
for deding effectively with the problem of resdua high-sulfur fud ail, a chdlenge
faced by more and more refiners worldwide.

3. CIRCULATING FLUID BED (CFEB)

CFB combustion involves the direct combustion of the heavy resdue in a CFB boiler.
Figure 2 is a amplified diagram of the overal process and Figure 3 shows the CFB
boiler.

Figure 2. CFB Combustion Process
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Figure 3: CFB Boiler System

Furnace Backpass

In CFB combustion, the residue is fed to the furnace where it is burned in an upward-
flowing stream of air. Crushed limestone is aso fed to the furnace which is fluidized by
the ar. Hest transfer to the furnace walls maintains furnace temperature in the range of



800 - 900°C. A solids separator at the furnace gas outlet captures entrained solids
and returns them to the lower furnace.

The above process offers the following advantages.

Low Emissions
The low furnace temperature provides for low NO, emissons and for
control of SO, emissons vialimestone injection to the furnace.

Low Operating Costs
The high solids resdence time and intense mixing within the furnace provide
for high combustion efficiency and limestone utilization.

Fuel Flexibility
The low furnace temperature and hot circulating solids alow the CFB

boiler to handle awide range of fuels.
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CFB technology is ided for combustion of refinery residuds including petroleum coke
and resdud ails providing many advantages over other firing technologies. A typicd
andyds of petroleum cokeis shown in Table 5 indicating this materid is characterized
by low volatiles, high sulfur and high vanadium content.

Table5: Typical Delayed Coke Analysis

Moisture 1.0 - 10.0% by wt.
Volatiles 6.0-12.0

Ash 0.3-50

Sulfur 10-90

Vanadium 500 — 3000 ppm
HHV 7,800 —8,300 kea/kg

CFB technology can handle such fues far better then any other combustion
technology. The hot volatile content is accommodated by the large inventory of  hot
solids within the furnace. These hot solids provide a constant source of ignition energy
and adlow the boiler to operate over a wide range of loads without concern and
without the need for higher grade support fuels. Fud burnout has been demonstrated
to be very high with CO leves very low, under al operating conditions. The high
sulfur contents are accommodated by limestone injection into the furnace, where the
limestone reacts with SO, to form gypsum. Furnace temperatures in the CFB are a
the optimum for this reaction and sulfur remova rates of over 95% have been
demondrated with Ca/S ratios of about 2. The limestone injection system is smple,
low cost and easy to control compared to wet or dry stack gas scrubbers. The high
vanadium content is accommodated by the limestone injection, and by proper
placement and design of superheater surface and refractory. The limestone reacts
with the vanadium to form compounds with high mdting points. Additiondly, the
vanadium actudly helps the sulfur capture reections by catayzing the sulfur dioxide
formed during combustion to sulfur trioxide which reacts much more reedily with the
limestone in the furnace,

A typicd andyds of heavy resdud ails is given in Table 6, indicating these materids
are aso characterized by high sulfur and vanadium content.

Table6: Typical Residual Oil Analysis

Pour Point 45-140°C
Viscosity 1602780 c
Temperature for Viscosity 100—-220°C
Sulfur 3.6 —6% by wit.
Vanadium 250 —1200 ppm
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In addition, resdud oails typicdly have high viscogty. To fire such resduds in a
conventiond liquid-fud boiler, the resdud oil must be aomized. Heeting to the
temperatures needed to atomize will result in coking. As a result, these materids are
usualy blended with expensive cutter stock to reduce viscosity. However, in a CFB
there is no need for aomization due to the intense mixing in the furnace. This dlows
the residua oil to be burned directly without the need for expensive cutter stock.

In summary, the CFB combustion process is ided for firing fuds with the
characterigtics of petroleum coke and heavy resduds ails.

Petroleum coke was first fired in a commercid Foster Wheder CFB in 1983. Since
that time petroleum coke test burns have been carried out in more than 17 different
commercia Foster Wheder CFB boilers. Foster Wheder has also consulted for
petroleum coke test burns in two non-Foster Whedler CFB units. Table 7 summarizes
the performance results from this testing.

Table7: Foster Wheeler Has Extensive Commer cial Plant Experience With Petroleum Coke

No. Plants Tested Fuel Composition Test Results
17 Val: 5.6 —17% by W1. SO, 70—800 ppm
S 1-5.6% by wit. CalS 27-15
Ash:  0.5-8.8% by wt. NO, 30— 150 ppm
Va 500 — 3100 ppm Comb. Eff. 95—99.5%

Based on the above testing, Foster Wheder has sold many CFB’s designed to fire
100% petroleum coke, as shown in Table 8.

Table8: Foster Whedler: Commercial Plant CFB Experience

Plant Size(MWe) % CokeFiring
Paper Company (SE U.S)) 1x32 100%
Hyundai Oil 1x25 100%
City of Manitowoc 1x20 100%
NISCO 2x110 100%
Paper Company (SE U.S.) 1x32 100%
Petrox 1x60 100%
Zhenhai 2x50 100%
Bay Shore 1x 180 100%
JFA 2x300 100%
Camat 1x20 65%
UNI 1x15 70%
Rumford Cogen. 2x40 30%
UDG 1x50 60%
Stockton Cogen. 1x50 25%
Mt. Poso 1x50 25%

This reference list represents over 75% of dl petroleum coke-fired CFB’'s and



includes the following key projects;

2 x 110 MWe CFB’sfor the NI SCO Project

In operation since 1992, these are the largest operating petroleum coke-fired
CFB’sin the world.

1 x 60 MWe CFB for Petrox

Operating since 1998, this project includes the addition of a coker
and a petroleum coke-fired cogeneration plant for an existing
refinery. This project combines Foster Wheder’ s strength in coking
and CFB technology in away that brings significant benefits to the
refinery.

2x 300 MWe CFB’sfor JEA
When placed in operation in mid 2001, these will be the worlds
largest CFB’s and the largest firing petroleum coke.

In addition, severd CFB'’s designed for cod combustion have been adle to take
advantage of the fud flexibility of this technology and burn high percentages of
petroleum coke. These CFB’sare dso shown in Table 8.

Foster Wheder dso have experience of firing resduas in a commercia scade CFB.
Our CFB licensee in France has supplied a 1 x 15 MWe CFB boailer to
Somedith/COF, Marsallles, France. This boiler has been firing coa and high viscosty
pitch (one kind of residud) since 1993. The pitch is heated, pumped to the boiler
front wall and fired into the furnace using a proprietary design lance and the proportion
of pitch is 50% by heat input. The boiler is operated such that the firing of pitch is
base-loaded and load fluctuations are taken with cod. During weekends the boiler
load is maintained & a minimum vaue by burning pitch done. SO, emissons are
controlled by limestone fed to the furnace. Boiler performance has been excdlent, with
low CO emisson, low unburned carbon loss and no problems with coke formation.

The plant reportedly plans to increase pitch firing capacity to enable full load operation
on 100% pitch.

The economics of direct CFB combustion were cadculated for cases smilar to those
described earlier for IGCC. CFB plant performance for each caseis givenin Table 9.

Table9: CEB Plant Performance

Plant 1 Plant 2
Feedstock Flow Rate (tons/hour) 86 64
Feedstock Lower Heating Value (kJ/kg) 38,520 38,520
Thermal Energy Feedstock (MW1) 920 683
Steam Turbine Gross Power Output (MWe) 384.7 290.0
Power Island Consumption (MWe) 39.0 29.0
Net Power Output (MWe) 350.7 261
Net Electrica Efficiency (%) 38.1 38.1
Investment Cost (US$/kw) 890 970




The emissonswill not exceed the following limits:

%0, 15% O,
NO, 150 mg/Nnt 50 mg/Nnt
SO, (95% removal) 400 mg/Nn?’ 130 mg/Nn?
CO 20 mg/Nn? <10 mg/Nn?
Particul ates 50 mg/Nn? < 20 mg/Nn?

Note that compared to the IGCC case, the NO, and CO emissions above are smilar
while the SO, and particulate emissions are higher. SO, emissons can be reduced
substantidly if needed by ether increasing limestone feed to the CFB or by adding a

polishing flue gas scrubber.

For Plant 1, the cost of eectricity has been caculated based on the assumptions
described earlier for the IGCC cases, except for the following;

Equivalent Availability

90%

Operating Personnel

2.3US$ million/year

Maintenance Cost (% total investment)

2.4% /| year

Chemicals (including limestone)

3.8 US$ million/year

Solid residue disposal

2.5 $/ton

These changes reflect the rdative amplicity of CFB combustion vs IGCC.,

Using these assumptions, the cost of dectricity per kilowatt hour in U.S. cents,
gpportioned over mgjor categories is shown in Table 10.

Table10: C.O.E.
129% IRR 15% IRR
Investment 1.85 2.23
Taxes, Insurance 0.46 0.66
Feedstock 0.49 0.49
Maintenance 0.27 0.27
Chemicas 0.14 0.14
Personnel 0.08 0.08
Solid resid. disposal 0.27 0.27
Total 356 414
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TECHNOLOGY SELECTION

After presentation of IGCC and CFB, the question of which is the most gppropriate,
isfully judified.

Before answering this question it isimportart to table afew important genera features
of these two technologies.

- Zero fud ail target: IGCC and CFB are the only available technologies meeting
thistarget.

- Commercidly demongrated technologies. both, IGCC and CFB, are based on
components and processes commercidly demondrated (see table
8 and 11).

- Feedgtock flexihility: both, IGCC and CFB, can process any refinery residue,
liquid or solid.

- Capitd cost: IGCC and CFB are in generd capitd intensve. IGCC, being
more complex is more costly and more sendtive to the economy of scde. In
other words in the small-medium capacity range, say 300.000-500.000 t/y
residue, the capex advantage of CFB becomes greater.

- Efficiency of converson of resdue to dectricity. IGCC is based on combined
cycle, thus achieves 40-44% efficiency, whereas CFB, being based on Rankine
cycle, haslower efficiency, 34-38% depending on loca conditions.

- Environmentd performance Atmospheric emissons of IGCC ae lower.
Sulphur capture efficiency is 95-98% for CFB and in excess of 99.5% for
IGCC.

Liquid effluents produced by both technologies are limited in volume and can
meet the most severe legd requirements.

With regard to solid effluents IGCC produce a rdatively smdl volume of a
meta concentrate, which can be used by the metdlurgicad industry for vanadium

recovery.

CFB sulphur capture is based on limestone; the volume of limestone increases
with the sulphur content of the feed and with the sulphur capture efficiency. The

rgected spent limestone follows the same trend and can be disposed in

different ways. landfill, aggregates for road congtruction and other mgor civil

infrastructures, soil amendment. Limestone supply and spent solid disposd are
important issues of any CFB project.

- Coproductions: IGCC produce, dectricity and/or steam, and alows the
coproduction of severd syngas based chemicas. hydrogen, carbon monoxide,
methanol, oxoa cohols etc.

CFB produces dectricity and/or steam.



Coming back to the origind question we have compared CFB and IGCC for different
Clients and for different reference conditions. In al cases the choice of the most
gppropriate technology has been driven by project specific issues, amongst which the
most important are: cgpacity, coproductions environmenta regulations, feedstock
characteridics, energy dispaich profile, limestone availability and cost, spent solid
disposa and cooling water restrictions.

In concluson there is not a smple general answer to the question of which technology
is the most gppropriate, but each project requires a comprehendve evauation of dl
these project specific factors. Foster Whedler is the world leader in CFB technology
and has developed extensve engineering and congtruction skill in IGCC, so they are
in an ided postion to provide alarge mass of technica and economica data to permit
aprofessond assessment of the most gppropriate technology.

Table11: Coal and Qil IGCC Projects

Proj ect Process Power Output Feed
Cool Water (California) Texaco 100 MW coal
Dow Plaguemine (Louisiana) Destec 220 MW coal
Demkolec (Netherlands) Shell 250 MW coal
TampaElectric (1) (Florida) Texaco 250 MW coal
Texaco-Eldorado (Kansas) Texaco 40 MW petcoke
PSI-Wabash (1) (Indiana) Destec 262 MW coal
Schwarze/Pumpe (Germany) Nodll 40 MW coal/oil
Shell Pernis (Netherlands) Shell 127 MW+H, heavy oil
SierraPacific (1) (Nevada) KRW 80 MW coal
Elcogas (Spain) Prenflow 300 MW coal/coke
ISAB (ltaly) Texaco 540 MW asphalt
SARAS (Itay) Texaco 550 MW vh. tar
STAR (Delaware) Texaco 240 MW petcoke
APl (ltaly) Texaco 250 MW vh. tar
Fife Power (Scotland) BGL 120 MW coal/sludge
IBIL/Sanghi (India) Tampella 60 MW lignite
Fife Power (Scotland) BGL 400 MW coal/RdF

Note (1): Clean Coal Programs
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