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ABSTRACT

This document presents the results of a preliminary environmental assess-~
ment of the Chemically Active Fluid Bed (CAFB) process. All waste streams
contributing air, water and solid waste pollutants were evaluated in terms
of emission rates and potential environmental effects. As part of this
investigation, a field sampling and laboratory analysis program was car-
ried out to compile an emissions inventory of the CAFB pilot plant at the
Esso Research Centre, Abingdon (ERCA), quland. In addition to the en-
vironmental assessment, an economic evaluation of the CAFB relative to
alternative residual oil utilization techniques is presented. Finally,
recommendations are made for further control research and development to

be carried out at the CAFB demonstration plant in San Benito, Texas.
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SECTION I

EXECUTIVE SUMMARY
OVERVIEW

This document presents the results of a preliminary environmental assess-
ment of the Chemically Active Fluid Bed (CAFB) process. The CAFB is a
technique whereby high sulfur, high métal residual oil is vaporized in a
fluidized bed of lime to produce a low Btu, low sulfur product gas which
is then burned in a conventional boiler to generate electrical energy.
Most of the sulfur and metals contained in the qil feed are captured by

the lime. This spent lime is subsequently processed to recover sulfur.

At present the only existing CAFB unit is a 2.93 MW pilot plant at the
Esso Research Centre, Abingdon, England faciiity;l Foster Wheeler Energy
Corporation (FW) is in the final design and procurement stages of a

10 MW retrofit demonstration plant to be constructed in San Benito,
Texas, at the La Palma Power Station of the Central Power and Light
Company. In addition, FW has developed a conceptual design for a

250 MW commercial scale unit.z-

Figure 1 is a generalized schematic diagram of . the CAFB showing principal
unit operations and material flows. Limestone and 611 are fed cdntinuously
into the.gaéifier at a Ca (limestone)/S (oil) molar ratio of unity. |
Limestone (CaCO3).is rapidly converted to lime (CaO)-and CO, and the

lime is maintained in a fluidized state by a preheated air/flue gas -
mixture. The air input rate is equal to roughly 20 percent of stoichio-

metric with respeét.to»oil. Fuel oil is consecutively vaporized,
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oxidized, cracked and reduced at 870°C (1600°F) to produce a low Btu gas.
Over 80 percent of the input feed sulfur is removed by¢the lime, The

gas travels from the gasifier through cyclones for particulate removal

and then into a boiler for combustion. The boiler flue gas encounters

a knockout baffle and another cyclone before entering the stack.

Lime is continuously cycled between the gasifier and the regenerator where
the roughly 7 percent of the lime which is sulfided in the gasifier is
oxidized to Ca0. Sulfur dioxide produced in the regenerator is fed to the
boiler stack in the pilot plant or reduced to elemental sulfur by coal in
the demonstration and commercial plants. Some spent lime is continuously
withdrawn from the regeﬁerator and retained for disposal. To maintain
sulfur removal efficiency, an equivalent amount of limestone is continuously

added to the gasifier.

The CAFB generates pollutants to air, water and land. The primary source
of air emissions is the boiler stack but fugitive emissions from feed ma-
terial storage and handling are also present. Watef effluents are similar
to those found in conventional combustion systems and include boiler blow-
down and cooling tower outputs. Disposal of spent, sulfided limestone is
a major environmental problem. A substantial amount of work has and is
being carried out to develop an environmentally sound method for stone

disposal.3

In view of the extensive efforts in tﬁe area of solid waste treatment and
disposal, the study reported upon here concentrated primarily on air emis-
sions and to a lesser extent on effluents to the other media. Character-
ization of the multi-media effects of the CAFB involved theoretical en- |
gineering and emission calculations for all three CAFB development stages
and an extensive field measurement and laboratory analysis program for the

pilot plant.

The preliminary theoretical phase of the study utilized CAFB pilot plant
data, engineering data developed by FW for the demonstration and com-

mercial units, reports dealing specifically with the CAFB and the general



literature to project emission levels from the CAFB demonstration plant
and proposed commercial éized facility. Fugitive air emissions were
identified as resulting from the storage and handling of o0il, limestone
and coal, the latter material being used in the FW RESOX ™ process to
reduce sulfur dioxide emanating from the regenerator to elemental sulfur,
and from cooling tower discharges. The fugitive o0il vapor emission rate
is 104 kg (250 1b)/tank fillup for the demonstration plant and 13 kg/s
(103 1b/hr) for the commercial facility. One of the two fuels used at the
pilot plant, bitumen, was found possibly to contain polycyclic organic
matter (POM); thus emissions from storage of this material, as well as
from other oll feeds, must be investigated further. The fugitive dust
emission rate from limestone storage and handling is projected to be

3 mg/s (0.024 1b/hr) at the demonstration plént and from 1.9 to 30.6 g/s
(13 to 244 1b/hr) at the commercial unit, the extremes corresponding to
uncontrolled and baghouse contained crushing emissions. Uncontrolled
emissions from coal utilization are estimated to be 6.7 x 1072 mg/s

(5.3 x 10~* 1b/hr) and 0.89 mg/s (7.1 x 10~3 1b/hr) for the demonstration
and commercial plants respectively. Cooling tower drift losses at the
demonstration plant are estimated to be beween 6 and 50 x 107" m3/s (1.2

and 4.8 cfm) with an evaporative loss of 0.064 m3/s (135 cfm).

Discharges to ambient water will come from coal pile runoff, cooling tower
blowdown and boiler blowdown. Because the CAFB demonstration plant will
utilize an existing boiler at the La Palma Power Station, cooling tower

and boller blowdown effluents will be unaffected by CAFB retrofit. At the
demonstration plant RESOX™ coal will be stored in a bin; hence no runoff
is expected. Runoff from coal storage for the commercial plant will depend
upon the specific site, but is estimated to be roughly 212 m3/year

(7500 ft3/year).

Solid waste disposal requirements will depend upon marketability and
disposal options for spent stone, RESOXTM coal ash and elemental sulfur.
The demonstration plant will generate 0.07 kg/sec (557 1b/hr) of spent

stone and the commercial facility will produce 0J91 kg/sec (7,190 1b/hr)



of this material. As noted earlier, disposal of this solid waste is the

major environmental problem associated with the CAFB.

The bulk of the sampling and analysis program carried out in conjunction
with pilot plant operating during December 1975, was directed toward
quantifying stack emissions. Samples were collected during seven separate
runs: four fuel oil gasification runs, two bitumen gasification runs and
one combustion/startup bitumen run. The field measurement program en-

- tailed on-site quantification of S0, SO3, NOyx, HoS, total particulate and
particulate size distributions. 1In addition, vapor and particulate samples
were collected for subsequent chemical analyses. Sulfur dioxide emission
rates for fuel oil gasification averaged 0.63 1b/10% Btu, 80 percent of
the New Source Performance Standard (NSPS) for oil-fired steam generators.
Bitumen gasification under conditions of saturated gasifier bed stone
(caused by clogging in the gasifier-regenerator stone transfer duct) re-
sulted in an SO, emission rate of 1.6 1b/10% Btu. Sulfur trioxide emis-
sion rates averaged 0.023 1b/10° Btu for these same three runs. Total
nitrogen oxide emissions ranged from 0.067 to 0.085 1b/10% Btu, roughly
25 percent of the NSPS for oil-fired boilers. No significant H,S was
detected in any run. Total particulate emissions ranged from 0.063 to
0.10 1b/10% Btu for normal gasification (the NSPS is 0.1 1b/10% Btu).

| During'fresh stone feed this rate increased to 0.19 1b/10% Btu due to

attrition of fresh particles. Particulate size distributlon measurements

made under gasification conditions for Soth fuel oil and bitumen feeds
indicated roughly one third of the escaping stack particulate is in the

respirable size range.

Laboratory analysis of stack particulate employing spark source mass
spectrbmetry (SSMS), atomic absorption spectroscopy (AA) and electron
spectroscopy for chemical analysis (ESCA) demonstrated that vanadium, which
is bound in a mixture of oxides, is emitted at a rate of almost 90 percent
of the EPA established critical value. No othe:'trace'elément emissions

were found to be of concern. Both particulate and gaseous stack samples



were also analyzed for ofganic functional groups by the procedure out-
lined by the EPA Level 1 protocol. Flue gas analysis results indicated
that emissions of hydrocarbons, quinone and carbonyl compounds are po-

tentially of concern.

'The results of the field measurement program were used in conjunction with
meteorological and topographical characteristics of the San Benito area to
project ambient loadings of SO, and particulate in the vicinity. of the

demonstration plant. These projections were compared with State of Texas

regulations and found to be in compliance with state requirements.

Finally, the CAFB was compared with alternative residual oil utilization
techniques: feed stock desulfurization and flue gas desulfurization (FGD).
0f 17 feedstock treatment processes, only three are capable of handling
high sulfur and high metals content oil. Comparisons were also developed
comparing projected capital and operating costs of the CAFB, FGD and feed
stock desulfurization which show that for commercial size facilities, FGD
appears to be the most economical of the three options. However, the

only existing FGD unit on an oil-fired plant is a MgO scrubber which is

almost four times as expensive as published projected costs for FGD units.
CONCLUSIONS
Air

Priority Problems -

e Reduction of stack particulate emigssions. Total stack particulate
emissions from oil-fired operation of the pilot plant, 30 percent
of which are in the respirable size range, were only slightly

~ lower than the New Source Performance Standard (NSPS) for oil-

* fired boilers. During stone feed/start-up these emissions con-
siderably exceeded the NSPS. The vanadium concentration of these
particulates is such that the vanadium emission rate is only
slightly lower than the Multi-Media Environmental Goal (MEG) for
this element. Under coal-fired operation of the CAFB, proposed
for the demonstration plant, the particulate emission problem may
be even more pronounced. Foster-Wheeler is designing more



efficient cyclones than were installed at the pilot plant.
Extensive particulate emission rate measurements at the demon-
stration plant should be undertaken for all operating modes
and for all fuels.

Reduction of SO, emissions during abnormal operating conditions.
Blockage of the gasifier-~regenerator transfer duct causes satura-
tion of gasifier bed stone and a resultant increase in SO, emis-
sions. Operation of the CAFB in this mode for extended time
periods should be avoided. Continuous S0, monitoring is
recommended.

Problems Needing Further Study, But Which Could be Important -

Detailed investigation of organic stack emissions. Flue gas
analyses indicated the possible presence of quinone, carbonyl
compounds and aliphatic hydrocarbons in sufficient quantitites

to produce ambient concentrations in the neighborhood of the
MEG's for these species. Organic emissions are highly dependent
on gasifier and boiler operating conditions and should be analyzed
with greater specificity than was possible in the present study.

Measurement of fugitive emissions from o0il storage. Polycyclic
organic matter (POM) was tentatively identified as a constituent
of bitumen. Fugitive air emissions of these compounds from
storage and handling of bitumen present a potential environmental
hazard. Additional characterization of these emissions is
required.

Areas Not Definable Because of Lack of Data -

Fugitive emissions from RESOXTM coai and ash handling and storage.

Fugitive emissions from storage and handling of spent stone.

Areas Probably Not Important But Requiring Checking =

Fugitive emissions from limestone handling.

Cooling tower emissions.



Areas Definitely Not a Problem -

Water

NOx stack emissions. Measurements of NOx emissions for three
separate runs were about 25 percent of the NSPS for oil-fired
boilers.

Trace elements other than vanadium. Stack emission rates of no
element other than vanadium approached creating ambient levels on
the order of the MEG for that element.

Areas Not Definable Because of Lack of Data -

Chemical composition of boiler blowdown, cooling tower blowdown
and RESOXTM coal pile runoff. Effluents from the first two
categories will be unaffected by CAFB retrofit to existing boilers.
Coal pile runoff characteristics will be coal type and site
specific.

Solid Waste

Priority Problem -

Problem

Environmentally acceptable disposal of spent stone. The demonstra-
tion plant will generate 6000 kg/day (13,000 1b/day) and a 250 MW
commercial size unit 79,000 kg/day (173,000 1lb/day) of sulfided,
metal containing lime which must be treated before being disposed
of by selling, using as landfill or dumping in the ocean.

Needing Further Study But Which Could be Important -

Environmentally acceptable disposal of RESOXIM coal ash. Approxi-
mately 1600 kg/day (3600 1b/day) of ash will be produced at the
demonstration plant and 22,000 kg/day (48,000 1b/day) will be
generated at a 250 MW facility.



Area Probably Not Important by Requiring Checking -

e Environmentally acceptable disposal of elemental sulfur., The
RESOX™ unit will produce 2600 kg/day (5640 1b/day) of sulfur at
the demonstration plant and 35,000 kg/day (76,000 1b/day) at a
commercial 250 MW units. Forster-Wheeler plans to sell this
material if a market can be found.
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SECTION II

INTRODUCTION
‘>THE CHEMICALLY ACTIVE FLUID BED PROCESS

The Cﬁemically Active Fluid Bed (CAFB) process Qas developed by the Esso
Research Centre, Abingdon (ERCA), England as a means to generate electrical
energy from high sulfur, high metal heavy fuel oil. Fuel oil is fed con-
tinuously into a fluidized bed of limestone maintained at 870°C (1600°F)

by preheated, substoichiometric air. The fuel oil entering the gasifier

is vaporized, oxidized, cracked and reduced to produce a low-Btu, low-
sulfur gas which is then burned in a conventional boiler. Sulfur contained
in the oil initially forms various gaseous compounds which then react with
the bed limestone to yield solid calcium sulfide. The sulfided lime is
cycled to a regeneration unit where it is oxidized to produce Ca0 which

is returned to the gasifier and SO, which is sent to a sulfur recovery unit.

2
An additional feature of the CAFB process is that the gasifier bed material
adsorbs vanadium, nickel and sodium contained in the fuel oil, thus

limiting air emissions of these trace elements.

At present the only existing CAFB unit is a 2.93 MW pilot plant at the
ERCA facility.l Foster-Wheeler Energy Corporation (FW) is in the final
design and procurement stages of a 10 MW retrofit demonstration plant:2
to be constructed in San Benito, Texas, at the La Palma Power Station
of the Central Power and Light Company. In addition, FW has developed

a conceptual design for a 250 MW commercial scale unit.2

11



PROGRAM OBJECTIVES

The objective of this study was to conduct a preliminary environmental
assessment of the CAFB, The results of this progrém provide guidance on
measures which must be taken to minimize the environmental impact of the
CAFB and suggest follow-up investigations which should be undertaken to

insure the environmental acceptability of this process.

To attain these goals, a systematic evaluation of all waste streams from
the CAFB was made and a process emissions inventory was compiled. These
data were derived from engineering estimates and from an extensive pilot
plant field sampling and laboratory analysis program. Emission rates de-
termined for the pilot plant were then used to predict pollutant loadings
for the CAFB demonstration plant and for the proposed commercial unit. To
provide a long-term overview proposed coal-fired operation of the CAFB is
also evgluated. The emissions data are compared with legal requirements
and quantifiable heaith and ecological effects and sources of concern are
noted. As part of this latter task, procedures for calculating incre-
mental ambient air loadings are outlined and used to compare projected

SO, and particulate emissions from the demonstration plant with federal

2
and State of Texas regulationms.

In addition to the preparation of the environmental assessment, a pre-
liminary economic assessment was completed which compares the investment
and operating costs of a commercial CAFB facility with the costs of al-
ternative residual oil uﬁilization techniques: flue gas desulfurization

and feedstock desulfurization.

REPORT ORGANIZATION

Section III provides process descriptions of the ERCA pilot plant, FW de-

monstration unit and the proposed FW 250 MW commercial facility. Each
development stage is broken down into its component unit operations and

schematic flow diagrams are developed and waste streams identified.

12



Emissions estimates developed from engineering evaluations and worst case
analyses are presented in Section IV. These projections concentrate on

waste streams which were not investigated as part of the field test program.

Section V, which is the crux of this report, describes the field test
program and subsequent laboratory analytical studies carried out to
characterize stack gas and particulate emissions and solid waste efflu-
ent. The results of these studies are presented and intrepreted in terms

of potential environmental impact.

Section VI discusses the meteorological and topographical characteristics
of a source which control the transport of air pollutants emitted from
a stack. The models developed here are then applied to SO2 and particu-

late emissions from the La Palma Electric Generating Station.

Conclusions and recommendations for future work are presented in the

Executive Summary, Section I.

Appendix A considers coal-fired operation of the CAFB and highlights dif-
ferences in operating parameters and potential loadings between this

mode and oil~firing.

The final three appendixes constitute the comparative economic evaluation
of the CAFB. Appendix B discusses the operating characteristics and
potential emissions from flue gas desulfurization and from the three
feedstock desulfurization procedures capable of processing high metal

content residual oil.
Appendix C provides process descriptions and flow diagrams of 15 residual

0oil desulfurization techniques identified by GCA as being either in com~

mercial operation or potentially viable.

13



The economic comparison between the CAFB, flue gas desulfurization and

residual o0il feedstock desulfurization is presented in Appendix D.

14
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SECTION III

PROCESS DESCRIPTION
INTRODUCTION

This chapter summarizes, to the degree of detail requisite to an emissions
assessment, the technical aspects of the CAFB process. The process de~-
scriptions consider each of three development stages, the ERCA pilot plant,
the FW 10 MW demonstration unit presently approaching final design specifi-
cations and the FW conceptual design of a 250 MW commercial unit. Operating
and engineering design parameters have been culled from Essol’z’3 and
Foster Wheeler4 reports, from conversations with representatives of these
organizations and during a site visit and subsequent sampling operation
at the ERCA pilot plant. This section considers oil gasification only;

proposed coal gasification is discussed in Appendix A.

OVERVIEW

In the CAFB process heavy fuel oil 1is consecutively vaporized, oxidized,
cracked and reduced in a fluidized bed of lime to produce a low Btu

gas. This gas, from which over 80 percent of the sulfur has been re-
moved by the lime, travels from the gasifier through cyclones for
particulate removal and then into a boiler for combustion. The boiler
flue gas encounters a knockout baffle and another cyclone before entering
the stack. Lime is continuously cycled between the gasifier and the
regenerator where lime sulfided in the gasifier is oxidiéed to Ca0. Sul-

fur dioxide produced in the regenerator is fed to the boiler stack or

16



¥
chemically treated to recover sulfur. Some spent lime is continuously
withdrawn from the regenerator and retained for disposal. To maintain

sulfur removal efficiency, an equivalent amount of limestone is continu-

ously added to the gasifier.

Figure 2 is a schematic diagram of the ERCA pilot plant. Input and out-
put streams to and from each unit operation are labeled and their mass
flows and characteristics are given in Table 1. The quantities listed

in this table are those projected at steady-state conditions. Parameters
will vary during start-up, shut-down and other atypical operating modes.
These variations, as pertinent to emission rates, are discussed in the

sections describing specific unit operationms.

The Foster Wheeler demonstration plant shown schematically in Figure 3
contains, in addition to the basic gasifier and regenerator units, a RESOXTM
system for sulfur recovery from the regenerator off gas, a spent solids
handling system and a coal storage and feed system for coal gasification.

As noted earlier coal gasification will be discussed in Appendix A.

Mass flows and stream conditions listed in Table 2 are based on FW

design parameters.

The proposed design for a 250 MW CAFB unit is iilustrated in Figure 4

The general design is similar to the demonstration plant but more complex
in terms of number of unit operations and number of modules required

for each unit operation. Stream conditions listed in Table 3 are again

based on FW projections.

' The remainder of this section treats each CAFB unit operation separately
and describes the variation in that unit operation for each stage of
development. Waste streams are identified but discussion as to their

nature is presented in Sections IV and V.

17



81

AiR
EMISSIONS

23
12
‘; SAMPLING
CYCLONE PORT
21 i3
SOLIDS i3
FLUE GAS STACK
CYCLONE
8
BOILER
14 i9
LIMESTONE
FEED COMBUSTION AIR BLOWER s
HOPPER M C SOLIDS
5 TUYERE
BLOWER
OIL STCRAGE evcione
il € £
:5538 GASIFIER « REGENERATOR
L’G A CYCLONE
24 - 10 : .
. et
FUEL INJECTION SPENT 20
—— MATERIAL
AR . A s0L10S
9
e
22 : REGENEOR'I;ETOIZ AR 6
1 BLOWER
__,Cj‘——-— 7

KEROSENE FEED : NITROGEN FEED

SYSTEM SYSTEM

T ()~ GASIFIER AIR BLOWERS

Figure 2, Unit operations flow diagram of the ERCA pilot plant



Table 1. ERCA PILOT PLANT MASS FLOW RATES

Mass flow rate, Temperature,
Process stream kg/sec  (1b/hr) oc (°F)
1. 0il feed to gasifier 0.04 (288) 88 (190)
2. Limestone feed to gasifier 0.003 (25)
3. Gasifier to regenerator stone transfer | 0.11 (860)
4. Regenerator to gasifier stone transfer | 0.11 (850)
5. Product gas to cyclone 0.16 (1,279) 850 (1,560)
6. Cyclone solids return to gasifier
7. N, gas to solids transfer lines 0.0006 - (4.5)
8. Product gas to boiler 0.16 (1,279) 850 (1,560)
9. Air to regenerator 0.01 (65)
10. Spent solids from regenerator 0.002 (14)
11. Regenerator off gas to cyclone 0.01 (63) 1,050 (1,920)
12. Regenerator off gas, cyclone to stack 0.01 (63) - | 1,050 (1,920)
13, Flue gas from boiler 0.50 (4,000)
14, Flue gas recirculated to gasifier 0.03 (250)
15, Flue gas to Tuyere Blower 0.02 (125)
16. Recycled flue gas from cyclone 0.02 (125)
17. Flue gas and air to gasifier 0.10 (800)
18, Flue gas to stack 0.50 (4,000)
19. Solids from boiler flue gas cyclone
20, Solids from recycled flue gas cyclone
21. Solids from regenerator off gas cyclone
22, Start up kerosene to gasifier 0.0005 &)
23. Stack emissions 0.50 (4,000) 43 (110)
24, Fuel injection air 0.01 (45)
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Table 2. MASS FLOW RATES FOR FW 10 MW OIL-FIRED
CAFB DEMONSTRATION PLANT

Mass flow rate, Temperature,
Process stream kg/sec (1b/hr) oC (°F)
1. Limestone to gasifier 0.12 (975)
2. Product gas from gasifier 7.52 (59,660) 871 (1,600)
3. Gasifier to regenerator stone 4,86  (38,500)
transfer
4. Regenerator to gasifier stone 4.83 (38,275)
transfer
5. Flue gas to pulsed solid transfer 0.5 (4,000) 171 (340)
lines
6. Regenerator off-gas: total 0.52 (4,140) | 1,038 (1,900)
o)) 0.09 (724) | 1,038 (1,900)
co2 0.02 (128) | 1,038 (1,900)
Ny 0.41  (3,288) | 1,038 (1,900)
7. Water or steam injection 0.07 (575)
8. Regenerator off-gas after cyclone 0.52 (4,140) 649 (1,200)
and cooling '
9. Coal to RESOX™ reactor 0.04 (300)
10. Hot solids from RESOX'M reactor 0.02 (150) | 760 (1,400)
11. Waste solids from RESOX'™ quench 0.02 (150) | 149  (300)
vessel
12, Hot air to RESOXTM reactor
13. Influent gas to RESOXIM reactor
14. Elemental sulfur from RESOXTM 0.03 (253) .
15. Return steam ’ 149 (300)
16. Water to sulfur condenser 0.25 (2,000) 100 (212)
17. RESOXTM tail gas 0.66 (5,250) 160 (320)
18. Condensed liquid sulfur 0.03 (253)
19. Fugitive dust from coal handling
system
20, Air to start up heater
21. Air to start up heater
22. Air to RESOX™ reactor
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Table 2 (continued). MASS FLOW RATES FOR FW 10 MW OIL-FIRED
CAFB DEMONSTRATION PLANT

emissions

Mass flow rate, | Temperature,
Process stream kg/sec (1b/hr) | °C (°F)
23. Cooling water for RESOXTM solid 0.01 (50)
waste
24, Steam from quench vessel
25. Regenerator spent solids 0.07 (557)
" 26. Regenerator off-gas cycloned solids
27. Air to spent solids cooler 0.69 (5,510) 38 (100)
28. Cooled solids ' 177 (350)
29. Cooler exhaust to cyclone 0.22 (1,746) 482 (900)
30. Cooled solids to storage
31. Alr emissions from spent solids
cooler
32. Cycloned solids to storage
33. Solids to storage
34, Solid waste from storage silo
35, Air emissions from solids storage
silo
36. Air to gasifier and regenerator 4,50  (35,610)
37. Flue gas recycled from stack 1.89 (15,000) | 171 (340)
38. Boiler sﬁack emissions 23.50 (186,000)
39. Flue gas to coal distributing 171 (340)
conveyor
40. Influent gas to gasifier: total 5.96  (47,280)
Air 3.93  (31,140)
Flue gas | 1.37 (10,890)
Tail gas | 0.66 (5,250)
41. Air and flue gas refenerator 0.56 (4,470)
42. Coal to distributing conveyor
43, Coal to gasifier
44. 011 to gasifier 1.47  (11,630) | 121 (250)
45, Fugitive limestone handling
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Table 3. MASS FLOW RATES FOR FW 250 MW OIL-FIRED CAFB DESIGN

a Mass flow rate, Temperature,
Process stream kg/sec  (lb/hr) oc (°F)

10. Limestone to dryer
11, Off-gas from limestone dryer to

baghouse
12. Air emissions from baghouse
13. Solids collected by baghouse
14, Limestone to crusher
15. Fugitive dust emissions from lime-

stone crusher
16. Limestone from crusher
17. Limestone to gasifier modules 1.59 (12,590)
18. Fuel o0il from short term storage
19. Fuel oil from heating pumping set
20, 0il injection air
21. Fuel oil to gasifier modules 19.03  (150,900) 121 (250)
24, Product gas to quad cyclone 97.67 (774 ,500) 871 (1,600)
25, Product gas to boiler 97.67 (774,500) | - 871 (1,600)
26. Solids returned from quad cyclone
27. Gasifier to regenerator stone 63.0 (499,500)

transfer
28. Regenerator to gasifier stone 62.71  (497,240)

" transfer .

29. Regenerator off-gas to twin- 6.69 (53,070) {1,038 (1,900)

cyclones
30. Spent solids from regenerator 0.91 (7,190)
31. Regenerator off gas from twin-

cyclones
32. Regenerator off gas from cooler 649 (1,200)
33. Air to RESOXTM reactor 2.05 (16,220)
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Table 3 (continued).

MASS FLOW RATES FOR FW 250 MW OIL~FIRED CAFB DESIGN

Process stream

Mass flow rate,
kg/sec  (1b/hr)

Temperature,

oC

(°F)

34.
35.

36.

37.
38.

39.
40.
41.
42,

43.

4hb,
45.
46,
47.

48.
49.
50.

51.
52,
53.
54.
55.
56.

57.

Gas to RESOXIM reactor

Coal to RESOX™ reactor

Solid waste from RESOXTM reactor
Sulfur gas from RESOX™ reactor
Water to solids quench vessel
Steam from solids quench vessel
Solid waste from quench vessel
Gaseous effluent from ash storage

Air emissions from ash storage vent
filter

Solids from vent filter to ash
storage

Solid waste from ash storage
Water to sulfur condenser
Steam from sulfur condenser

Tail gas from sulfur condenser
recycled to gasifier

Liquid sulfur to storage
Liquid sulfur waste from storage

Solids from regenerator and twin-
cyclones

Air to solids cooler

Air to spent solids storage
Ailr to spent solids storage
Solids from solids cooler
Solids to storage

Exhaust from solids cooler to
cyclone

Cycloned solids cooler exhaust to
stack

0.50 (4,000)

0.25 (2,000)
0.41 (3,290)

8.58  (68,000)

760 (1,400)

149

100
149
160

38

177

482

(300)

(212)
(300)
(320)

(100)

(350)

(900)
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Table 3 (continued). MASS FLOW RATES FOR FW 250 MW OIL-FIRED CAFB DESIGN

Mass flow rate, Temperature,
Process stream kg/sec  (1b/hr) oC (°F)

58. Cycloned solids cooler exhaust to

coal and limestone dryers
59. Cycloned solids to storage
60. Solids to storage
61. Exhaust from storage to vent

filters '
62. Air emissions from vent filters
63. Solids from vent filters to storage
64. Solid waste from storage
65. Flue gas from boiler to stack 304.91 (2,418,200)
66. Alr emissions from stack 304,91 (2,418,200) _
67. Flue gas recycled to gasifier 17.81  (141,250) 171 (340)
68. Fugitive vapor emissions from long 0.01 (103)

term fuel oil storage
69. Fugitive vapor emissions from short | 0.01 (103)

term fuel oil storage
70. Air to gasifier 50.95  (404,020)
71, Air to regenerator 7.31 (58,000)

®Process streams 1 through 9, 22 and 23 are applicable to coal-firing and
are presented in Appendix A.
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FUEL FEED SYSTEM

ERCA Pilot Plant

Fuel 0il — Fuel o0il, stored in an external vented storage tank, is passed

through an oil immersion heater before being fed to the gasifier.

Bitumen — Bitumen is stored in a four-compartment tank car having a total
capacity of 63.6 m3 (18,000 imperial gallons). Each compartment is heated
with gas oil to bring the bitumen to a temperature which will allow it to
flow through the feed lines to the gasifier. The gas oil is stored in a

0.18 m3 (50 imperial gallon) drum.

Kerosene — Kerosene, used as the startup fuel, is stored in an underground
1.8 m3 (500 imperial gallon) tank from which it is pumped into the fuel o0il
feed line.

Emissions — The principal emissions from the fuel feed systems are fugitive
vapors escaping from storage tank venting systems. In addition, there may
be some leakage of liquid fuels during tank fillup (evidence of leakage

was noted about the bituﬁen tank car). Seepage of this sort is localized

and easily confinable.

FW Demonstration Plant

0il and Pitch — Fuel will be delivered to the plant in heated tank cars
and stored in a heated 378.5 m3 (100,000 gallon) tank. O0il is transferred

to the gasifier through two headers located adjacent to the gasifier.

Kerosene — Startup fuel is stored in a separate tank and fed to the

gasifier through the oil delivery system.

Emissions — Considerations similar to those in the pilot plant system

apply here.
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FW 250 MW Unit

Fuel 0il — Fuel o0il will be delivered by rail in heated tank cars and
pumped into short-term and long-term storage tanks. The long-term tank
will be designed for 3 weeks storage and the short-term tank for 2 days
supply. O0il from the short-term tank will be pumped to a heating/pumping
set which will bring the oil to the temperature and pressure required

in the gasifier oil supply header. A portion of the feed oil will be

returned to the short-term storage tank for temperature control.

Kerosene — This system is similar to that of the demonstration plant.
Emissions — Considerations similar to those in the pilot plant apply here.
LIMESTONE HANDLING SYSTEM

ERCA Pilot Plant

Limestone is delivered to the plant in bags and transferred to a ground
level hopper. A pneumatic system transports the stone to an upper hopper
from which it is periodically dropped into a weigh feeder. The limestone
then moves by gravity into the gasifier. Fugitive dust will escape during

hopper loading and stone feed.

FW Demonstration Plant

Limestone will be delivered to the plant by truck and offloaded to a
storage bunker designed to contain a 13 day stone supply. Baghouse filters
attached at the top of the bunker are designed to abate fugitive dust
emissions. Limestone is to be transported through a rotary feeder-airlock
valve, a pneumatic transfer line and finally into a pressurized surge

bin from which another rotary feeder-airlock valve will inject stone into
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the gasifier. Fugitive dust emissions will be generated by these limestone

handling operations.

FW 250 MW Unit

High calcium limestone will be conveyed to either a 6 day supply pile or
to a dead storage pile containing a 30 day supply. Sorbent will be dried
in a fluidizéd dryer prior to crushing. During start-up, hot gases for
drying will be provided by combusting coal in the furnace section of the
dryer. At steady state operation, hot exhaust from the spent solids
cooler will be used for coal drying. The dried sorbent will then be
transferred to a limestone crusher. Crushed limestone, sized at less than
than 3.2.mm (1/8 in.), will then be transferred to the gasifier modules.
As presently designed this group of unit operations will produce fugitive
dust emissions from limestone transfer, storage and crushing and fugitive

gases from coal combustion.
GASIFIER

General Description and Chemistry

The basic components of the CAFB process are the gasifier and regenerator.
Figure 5 schematically illustrates the interaction between these unit
operations. Limestone and fuel oil are added to the gasifier at an approx-
imate Ca:S molar ratio equal to one. ERCA pilot plant studies indicate a
sulfur removai efficiency (SRE) of at least 80 percent based on this
stqne/feed makeup ratio. Air is fed into the gasifier at 20 to 23 percent
stoichiometric in order to partially oxidize the fuel o0il and produce a

_ teﬁperature 871°% (1600°F) suitable for vaporization and cracking of the
‘fuel, Flue gas from the boiler at approximately 171% (340°F) is recir-
culated to the gasifier for temperature control. A product gas is produced
which has a heating value of approximately 1665 kcal/kg (3000 Btu/lb).

The predominant reactions taking place in the gasifier are as follows:
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0il thermal cracking - C + H2 + hydrocarbons + HZS + 082 + COS

—
Ca0 + HZS peam— CasS + HZO

Ca0 + COS ————— CaS + co,

———
Ca0 + 1/205, o= Ca8 + 1/2€0,

The equilibria for these reactions are well to the right. Approximately

7 percent of the input limestone as calcium oxide is reduced to calcium

sulfide on each pass of stone through the gasifier.

DESULFURIZED ) OFF GAS
PRODUCT GAS

LIMESTONE g REACTED STONE
GASIFIER ” REGENERATOR
FUEL OIL REGENERATED STONE SPENT MATERIAL
. e
AIR RECYCLED AIR
FLUE GAS

Figure 5. Gasifier-regenerator schematic
ERCA studies also indicate that approximately 95 percent of the vanadium,

A75 percent of the nickel and 40 percent of the sodium contained in the

fuel oil are captured by bed stone.
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Startup is accomplished by heating the unit slowly by kerosene combustion
until the appropriate gasification temperature is reached. Fresh lime-
stone is added toward the end of this period until the requisite bed

deptﬁ is attained. During limestone addition, stone attrition and calcin-
ing, which leave the bed in the form of CaO, result in appreciable par-

ticulate and COZ formation.

A possible upset condition, which in fact occurred several times during
the GCA sampling program at ERCA, is clogging of the gasifier-regenerator
stone transfer system. This situation results in saturation of the

gasifier stone with the consequent decrease in SRE.

ERCA pilot plant

The process streams and mass flow rates associated with the ERCA pilot
plant are shown in Figure 2 and listed in Table 1. These quantities

are based upon a product gas flow rate of 0.16 kg/s (1279 1b/hr).

The gasifier used in the pilot plant is circular.in plan and consists of
a cylindrical and conical section over its height. It is 0.73 m (28 in.)
in diameter at the top and has a total volume of 1.08 o’ (38.1 ft3).

Fuel oil enters through a single entrance port situated above the air
distribution mechanism. The quantity of air introducéd into the gasifier
is 20 to 23 percent of the stoichiometric amount required to completely
oxidize the carbon in the fuel oil. 1In addition, flue gas is recirculéted
to the gasifier for temperature control. Product gas passes through a
cyclone adjacent to the gasifier before entering the boiler. A solids
drain transports collected particulate matter back into the gasifier.
ERCA studies have defined the most important factors influencing SRE

to be bed depth and stone sulfur content. The static bed depth should
vbe greater than 38 cm (15 in.) and the content of sulfur in the stone
less than 4 percent. Recent analysis by ERCA indicates that water added

to the gasifijer can be detrimental to SRE.
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FW Demonstration Plant

The specific process streams and mass flow rates specified for the Foster
Wheeler design are shown in Figure 3 and listed in Table 2. The
quantities are based upon development of 8.3 kg/s (65,800 lb/hr) of
product gas with a higher heating value of 1735 kcal/m3 (195 Btu/ft3)

The gasifier proposed by Foster Wheeler has a floor area of 14.6 m2

(149 ftz) and an internal height of 3.66 m (12 ft). Limestone will be
fed into the gasifier from an adjacent pressurized surge bin of 1.4 m3
(50 ft3) volume. A variable speed rotary feeder will inject limestone
at a height of approximately 1.2 m (4 ft) above the level of the chamber
floor. The expanded limestone bed depth will be maintained at 0.91 m

(3 ft). The particle diameter of the limestone feed ranges from 0.6 to

3.2 mm (0.024 to 0.126 in.).

Fuel oil will be fed into the gasifier chamber by way of two headers,

both of which subdivide into 15 injection nozzles. Each nozzle enters

into 1 of 30 oil injection combustion pits which are spaced evenly over

the gasifier floor. The pits are square in plan with an area of 0.1 m2

¢h ft2) and a depth of 12.7 cm (5 in.). Air wiil be injected at a rate

of 22 percent of the stoichiometric amount required for complete combustion
of the fuel oil. Flue gas and RESOXTM tail gas are to be recirculated to
the gasifier for temperature control and removai of residual sulfur gas,

respectively.

The gaseous mixture will enter the plenum below the gasifier floor before
entering the nozzle distribution system. Five hundred and ninety stainless
steel air/flue gas nozzles are distributed evenly over the floor area

at a spacing of 15.2 cm (6 in.). Four nozzles enter through the bottom of ‘
each oil injection combustion pit in order to provide uniform interaction

between the fluid limestone bed and fuel oil.
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FW 250 MW Unit

The gasifier will consist of two modules comprised of three cells each.
Each cell is designed as a mockup of the gasifier/regenerator unit pro-
posed for the 10 MW demonstration plant. An individual cell has a floor
area of 23.2 cm? (250 £t2) as compared to a floor area of 13.9 m2

(149 £t2) designed for the 10 MW demonstration plant.

Product gas from each cell will pass through a quad cyclone (four

cyclones in_parallel) before firing the steam generating unit. Refractory
lined return pipes will convey collected solids back to the cells by
gravity.

Each gasifier module will be approximately 17.7 m (58 ft) high with

the two bottom cells 6.1 m (20 ft) and the top cell 5.5 m (18 ft)

in height. Each gasifiér cell will be 3.34 m (11 ft) wide and 7.54 m
(24.75 £ft) long. The vertical distance from the air distribution grid

to the ceiling of the cell is to be 4.6 m (15 ft). Ducts leading to the
quad cyclones exit from the top of each gasification cell. During gasi-
fication, oil will be injected into each cell through 50.injection pipes.
The oil injection combustion pits and air distribution éystem are as
described for the 10MW demonstration plant., Each oil injection pipe will
serve 0.5 m? (5 £t°) of the total cell floor area of 23.2 m’ (250 f£t2).

REGENERATOR

General Description and Chemistry

The regeneration'step is accomplished in a reaction vessel adjacent to the
gasifier. Limestone comprised of approximately 93 percent Ca0 and 7 percent
CaS is fed to the regenerator where it reacts with a stoichiometric quantity

of air by the reactions:
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—_—
CaS + 3/2 02<___Ca0 + SO2

—_—
Cas + 202 <r______.CaSO4

CaS + 3CaSO4<___ 4Ca0 + 4302

In addition, carbon deposited on the stone during gasification (approximately
0.3 percent by weight) is oxidized to Co,.

The off gas from the regenerator contains 802, 002 and N2 derived from the
influent air. Spent solid material consists of approximately 94 percent CaO,
2.5 percent CaSO4, and 3.5 percent CaS. 1In the Foster Wheeler demonstra-~-
- tion plant and 250 MW unit, off gas will be transported to the RESOXTM
system for recovery of elemental sulfur, and spent solids will be conveyed
to a solidé cooler and‘storage bin. These components are shown sche-
matically in‘Figﬁres 3 and 4. At the ERCA pildt plant regenerator off gas
passes through a cyclone and then into the boiler stack. The stone
transfer rate indicated in Tables 1 and 2 for the ERCA pilot plant and

the FW demonstration plant are based on a factor of 3.3 kg of stomne
transferred per kg of oil fed to the gasifier. The SOy volume in the
regenerator off gas is equivalent to 0.031 kg of elemental sulfur pef kg
of oil input to the gasifier.

ERCA Pilot Plant

The regenerator used in the ERCA pilot plant is contaiﬁed in a refractory
concrete block. The axis of the regenerator is offset 0.69 m (27 in.)

from the central axis of the gasifier. The diameter of the regenerator

18 0.25 m (10 in.) at the top and the height of the unit is 3.35 m (132 in.).
A nitrogen gas system is used to pulse solids through transfer pipes

which run between the gasifier and regenerator at the bottom of each unit.
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Regenerator off gas flows through a cyclone for particulate removal and
then directly to the stack for atmospheric discharge. Spent solid mate-

rial is stored during.pilot plant operation and subsequently discarded.

FW Demonstration Plant

The regenerator will be housed within the same structure as the gasifier,
the two vessels being separated by a partition. The plan area of the
regenerator is 1.8 m2 (19.3 ft2) and the height is 3.66 m (12 ft). Stone
transport is to be accomplished by way of two transfer conduits in the
separation wall. A set of flue gas nozzles will be included in each
transfer slot in order to maintain continuous material flow through the
duct. A division wall within the regenerator prevents short circuiting
of spent stone back into the gasifier prior to complete regeneration.
Regenerator off gas will pass through a cyclone and then into the RESOXTM
system. SpentAstone will be sent to a solids handling system for eventual

disposal or reuse,

FW 250 MW Unit

The regenerator units will be cast monolithically with the gasifier cells
in each module. A solids transfer system will be housed in the gasifier/
regenerator division wall in order to pulse solids between the two
chambers. The floor area of each regeneration unit (one per gasifier
cell) will be 0.87 m (34.4 in.) by 3.3 m (129.4 in.). The regenerator
off gas containing SO7 will pass through two refractory lined cyclones
prior to entering the RESOX™ reactor. Collected solids and spent

material will be transferred to a solids cooler and stored.v
Emissions

Of the three CAFB development projects only the ERCA pilot plant regen-

erator produces waste streams which enter the environment dlrectly. The
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regenerator off gas stream is composed primarily of SOz, CO2 and NZ'
The spent stone is a mixture of CaO, CaS,-CaSOa, carbonaceous material

and trace metals in various chemical forms.

SPENT SOLIDS HANDLING SYSTEM

' FW Demonstration Plant and 250 MW Unit

The spent solids handling system designed by Foster Wheeler will confine
solids continuously withdrawn from the regenerator and particulate matter
collected by the regenerator off gas cyclones. The combined material will
be ¢ooled to approximately 177°%¢ (350°F) by heat exéhange with air in a
fluidized bed cooler. Cooled solids will then be transported by pneumatic
conveyor to a storage silo from which spent material will eventually be

removed in closed dump trucks to disposal sites.
Emissions

Hot air from the fluidized bed cooler will pass through a cyclone before
becoming a waste stream to the atmosphere., This stream will be primarily
nitrogen and oxygen but may also contain C02, SO2 and lime particulate.

The solid waste stored in the silo will be primarily CaO with small amounts
Aof'CaS, CaSO4 and trace quantities of metallic oxides and carbonaceous
material,

FW RESOXTM OFF GAS_TREATMENT SYSTEM

Demonstration Plant and 250 MW Unit

™
The RESOX™ system is a proprietary system developed by Foster Wheeler
to reduce 802 to elemental sulfur. Details of the process are not in the
public domain and thus only a cursory description of the unit operations

involved can be given. Regenerator off gas passes through a cyélone and
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'is then cooled to 650°C (1100°F) before entering the RESOXTM reactor where
the 802 in the off gas reacts with anthracite coal (carbon content ~92 per-
cent) via the reaction:

—
50, + C =—=0C0, + S

Preheated air is fed to the reactor to maintain the temperature at about
760°¢C (1400°F).v Foster-Wheeler estimates that 70 percent of the influent
802 is reduced to elemental sulfur. Coal ash from the regctorAis quenched
with water and stored for later disposal. Gaseous elemental sulfur formed
in the reactor is condensed and the resultant liquid sﬁlfur is stored for
possible resale., Tall gas exiting from the condenser will beAfeturned to

the gasifier for reaction with limestone.

Emissions

The principal waste stream associated with the RESOXTM system 1s coal ash
remaining after reduction in the reactor. Present plans call for storage

of the ash and subsequent disposal. 1In addition, fugitive dust may be

generaﬁed during coal handling and storage.
BOILER

ERCA Pilot Plant

froduct gas from the gasifier undergoes combustion in a 2.9 MW (10 x

106 Btu/hr) pressurized water tube boiler. A mechanical draft cooling
tower 1s used to dissipate cooling water circulating to the condenser.
Boiler flue gas containing roughly 5 percent oxygen exist through a knock-
out baffle and cyclone before entering the boiler stack. About 5 percent
of the boiler flue gas 1is bled off through a baghouse unit and returned
to the gasifier for temperature control. The remaining fluc gan cxltu

the top of the stack at a rate of approximately 5.7 m3/s (1200 ftalmin).
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FW Demonstration Plant

Product gas from the gasifier will undergo combustion in steam generator
Unit No. 4 of the La Palma Power Station. This 20 MW oil and gas fired
‘unit will be retrofit with two burners designed to handle 7.52 kg/s
(59,660 1b/hr) of product gas, thus allowing half load firing with product
gas from the 10 MW CAFB or full load firing using both natural gas and
product gas. Unit No. 4 produces up to 31.5 kg/s (250,000 1b/hr) of steam
at 446°C (835°F) and 4.76 x 106 Pascals (675 psig). Preheated air enters
the~boiler at 2329C (450°F) and flue gas enters the boiler stack, after pas-
sing through the air preheater heat exchanger at 191% (375°F). Flue

gas will be recycled to the gasifier for temperature control at the rate
of 0.66 kg/s (5,250 lb/hr). The remainder of the flue gas, approximately
34.1 kg/s (270,000 1b/hr) will exit through the power station stack.

FW 250 MW Unit

A boiler has not yet been selected for the utility retrofit.
Emissions

Boiler flue gas is the primary source of air emissions from all CAFB units
and is treated in detail in Sections IV and V of this report in which
actual measurements of pilot plant stack emissions are discussed and pro-
jections given for the demonstration plant and 250 MW unit. Other sources
of atmospheric and water emissions are the cooling towers and boiller

blowdown and treatment associated with each plant.
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SECTION IV

EMISSIONS ESTIMATES

INTRODUCTION

This section and the next probe the chemical and physical properties of

the waste streams identified in the preceding section. The emissions
assessment discussion is divided into two parts: the first, presénted here,
contains emissions estimates for waste streams not sampled by GCA; the second
half, described in Section V, consists of a detailed presentation of the
protocols and results of the field test program conducted by GCA at the

ERCA CAFB pilot plant.

The emissions estimates calculated in this section are derived from several

sources:
e CAFB pilot plant process data and log sheets;

e Emissions projections prepared by Foster-Wheeler
for the demonstration and commercial CAFB plants;

e . Reports dealing specifically with the CAFB process;

) General literature on process emissions.
2 , '
Studies by ERCA,l’ West:.nghouse,:”4 Foster Wheeler® and others have concen-
trated on two areas: stack SO2 emissions and sulfate, sulfide and trace
metal concentrations of spent regenerator stone. 1In addition, these
reports contain detailed discussions of the environmental and economic

acceptability of various options proposed for stone disposal.
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Reports by EPA contractors dealing with spent stone from fluidized-bed
combustion of coal,’ provide the ba;is for stone characterization reported
in this study. These workers have concentrated on sulfur and trace metal
content of stone. To complement these studies GCA collected spent stone
samples and had them analyzed for organic functional groups and surface

elements. These results are presented in Section V.

Although fugitive air emissions from oil, coal, ash and limestone storage
and handling and water emissions from cooling towers and boiler effluent
are not unique to the CAFB, they are discussed here to provide a complete
emissions assessment. Analyses of these emissions are based on general
systems8 with some amplification of factors peculiar to the CAFB or to
conditions associated with the San Benito area. In addition, worst case
analyses for flue gas emissions, based upon input material composition
and feed rates tabulated in the next subsection, are presented and com-

| pared to legal requirements and known health and ecological effects in-

formation where apﬁropriate.
INPUT MATERIALS

During the latest operation of the ERCA pilot plant, Run No. 10 November-
December 1975, both No. 6 fuel oil (atmospheric bottoms) and bitumen (vacuum
bottoms) were gasified in the CAFB. The‘fuel 0il, from Venezuelan crude,
had been used in previous ERCA runs. The bitumen had not. Chemical and
physical analyses of both fuels are presented in Tables 4 and 5. Tabie 6
presents an extensive breakdown of elements found in the limestone used ‘
'during Run No., 10. The concentrations reported in this table were deter-
~mined by ERCA using atomic absorption spectroscopy (AA) and neutron
activation analysis (NAA). 1In addition, Figure 6 is an ESCA® spectrum of
the limestone particulate surface. Surface abundances are also listed in
Table 6. . ‘

*
See Section V.
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Table 4. ANALYSIS OF FUEL OIL USED BY ERCA

Elements and properties

Concentration or value

o

cd (In)€

oo T o

a0

¢]

85.3 £ 0.2 %
11.3 £ 0.1 %
2.5+ 0,01 %
0.35 £ 0.02 %
307 £ 2.2 ppm
41 ¢ 2.5 ppm
39 + 3.3 ppm
26 £ 3.1 ppm
20 £ 3.9 ppm
17+ 7.8 ppm
17 + 9Appm
7+ 1.4 ppm
3.6 £+ 0.2 ppm
2.7 + 0.5 ppm
2.7 + 0.33 PPm
2.1+ 0.6 ppm
1.4+ 0.14 ppm
1 - 10 ppm
0.9 + 0.18 ppm
0.73 + 0.31 ppm
0.47 £ 0,18 ppm
0.44 £ 0.36 ppm
0.39 + 0.13 ppm
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Tablev4 (continued). ANALYSIS OF FUEL OIL

USED BY ERCA
Elements and properties ‘Concentration or value

as? ' 0.3 - 3 ppm
Rbb' } , ‘ 0.27 + 0.10 ppm
Tib . 0.25 % 0,15 ppm
Bb : _ 0.22 £ 0,08 ppm
FE R L 0.22 + 0.015 ppm
co® : 0.2+ 0.04 ppm
Ba® . © 0.16.4 0.01 ppm
Sr? 0.092 + 0.088 ppm
Csb 0.090 ppm
c1? 0.06 - 0.6 ppm
Gab _ 10,024 £ 0.009 ppm
Te® <1 ppm
Ged - <0.074 ppm
Specific gravity® 0.958 + 0.001
Conradson Carbon® 10.8 £ 0.3
Asphaltenesa 5.45 % 0.22 %
Héating value® 10.3 kcal/gm

(18,530 Btu/1b)

8Reference 2, p. 539.

bBy Spark Source Mass Spectrometry (SSMS); per-
formed for PMB/EPA by Northrup Services, Inc.

cBy Neutron Activation Analysis (NAA) ; perfofmed
for ERCA by the U.K., Atomic Energy Establishment,
Harwell.

dBy Atomic Absorption (AA) spectroscopy; performed
by ERCA. -

" ®From ERCA.
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Table 5. ANALYSIS OF BITUMEN USED BY ERCA

‘Elements and properties

Concentration or value

s@ 3.75 %
vl 550 + 50 ppm
ﬁia 74 ppm
Phenolicsb -Present
Aromatics - possibly POMb Present
Conradson Carbon?. 9.71
Specific gravity® 1.0185

9.9 kcal/gm (17,900 Btu/1lb)

376.3 cs (135°C)
203.6 cs (150°C)
75.0 ¢s (175°C)

Heating value?

Viscositya

aPrivate commnication,, ERCA.

thom LC/IR organic functional group analysis (see
Section V) performed by EPA and Battelle Columbus
Laboratories.

Table 6. ANALYSIS OF LIMESTONE
USED BY ERCA?
Element Concentration
Ca 71.5%
Hsb 0.2 - 2%
sib 600 - 6000 ppm
AP 200 - 2500 ppm
re® 200 - 2000 ppm
st® 100 - 1000 ppm .
kP 100 - 1000 ppm
Ba® 30 - 300 ppm‘
c1b 10 - 100 ppm
Na® 10 - 100 ppm
ngb < 50 ppm
c& or In® 29 + 6 ppm
Mn© 22 + 1 ppm
sb° < 10 ppm
I 1 - 10 ppm
PP 1 - 10 ppm
TP 0.6 - 6 ppm
Te® + 0.2 ppm
cr + 0.4 ppm
ta® 0.3 - 3 ppm
Co® 0.3 + 0.01 ppm
vb 0.06 - 0.6 ppm
Surface 0% 49.5 %
Surface cd 38.9 %
Surface Cal 11.6 2
co,rcd 0.5

8A11 results except surface ele-
ments and 003'/0 from ERCA.

bAtomic Absorption (AA) spectroscopy.

SNeutron Activation Analysis (NAA) per-
formed the U.K. Atomic Energy Estab-
lishment, Harwell.

dBlectron Spectroscopy for Chemical
Analysis (ESCA) (see Figure 6).
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These data are used throughout this report to make worst case emission
analysgs, engineering estimates of emission rates and to normalize the
field program results obtained at the pilot plant. Finally, typical
characﬁeristics of the fuels to be utilized in the FW demonstration plant
are presented in Table 7 fo provide a basis for projected emissions from

that facility and from the 250 MW unit.

Table 7. '"TYPICAL" FUEL OIL TO BE USED AT
THE FW DEMONSTRATION PLANT

Elements and Concentration
properties or value.
c 84.43%
H 10.587%
S 2.67%
0 1.687%
N 0.37%
Mbisture : . 0.2%
Ash 0.07%
Specific gravity | 0.9765
Heating value 10.3 kcal/gm .
: (18,423 Btu/lb)

FUGITIVE AIR EMISSIONS FROM OIL STORAGE AND HANDLING

Fugitive evaporative losses from liquid storage tanks depend on several

factors:

e Vapor pressure of the liquid

e Temperature variations within the tank
e Height of vapor space

o Tank diameter

e TFilling and emptying frequency

e Condition and type of tank.
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For fixed roof storage tanks the largest emissions result from emptying
and filling operations (working losses) and from breathing losses associated

with thermal expansion, pressure fluctuations and continuous vaporization.

General formulas® for estimating both working and breathing losses have
. been ‘developed by the American Petroleum Institute. In general, the
breathing losses are one to two orders of magnitude less than working

losses and wili not be considered here.
The working loss rate is given by:

180 + N
6N

W=1000 Dm P (
where W = working loss in 1b/103 gal throughput
oil density in 1b/gal
empirical factor estimated to be 1.5 x 10"4 for residual oil

vapor pressure at the bulk oil temperature

2 w B o
n

number of tank refills per year,

For the demonstration plant, the following values are assumed: D = 8.1 1b/
gal; P = 4,6 psia; N = 126 refills/year based on continuous operation.

Thus W = 2.3 1b/103 gallon throughput or 230 1b vapor/tank refill (104 kg
vapor/tank refill).

For the commercial system the short term tank will hold a 2-day oil shpply .
and will be refilled every 24 hours during one 8-hour shift. Thus D and P
are the same as above but N = 182.5. The working loss W becomes 1.85 1b/
103 gallon throughput or 827 1b vapor/fillup (376 kg/fillup). Assuming
this working loss is distributed evenly over the 8-houf shift, the fugitive
oll emission rate is equal to 13 kg/s (103 1b/hr). This emission rate

for the short term tank 1s equally applicable to f£1illup from either fail

car or from the long term tank.
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Similar considerations apply to kerosene tanks and the long-term tank in
the 250 MW unit. However, these tanks will be filled up infrequently.
In Section V, the chemical nature of fugitive emissions from bitumen

storage and handling are discussed in more detail.
FUGITIVE AIR EMISSIONS FROM RESOXTM COAL STORAGE AND HANDLING

At the demonstration plant crushed coal will be delivered by truck and stored
in a silo. Coal will be transferred by a vibrating feeder and bucket ele-
- vator to a feed bin directly over the reactor. The only information avail-

™

able regarding RESOX™ coal handling for the 250 MW unit is that front-end

loaders will transport coal from the stock pile to the reactor.

Particulate emissions from coal piles are influenced by wind speed, pile
surface area, coal density, and the prevailing precipitation - evaporation
index. The dust emission factor from coal piles is estimated to be equal
to 0.59 mg/kg-yr (0.00118 1b/ton—yr).8 Wind erosion from stationary coal
piles represents only 1/3 of total particulate emissions from coal storage
and handling;8 therefore this factor is multiplied by 3 to derive the total

emission rate from coal storage, conveying, and feeding.

The annual RESOXTM coal throughput at the demonstration plant will be
approximately 1.2 x 106 kg (1.3 x 103 tons) and 1.6 x 107 kg (1.8 x
104 tons) at the 250 MW unit. Using these values in conjunction with the

emission factor given above, uncontrolled fugitive dust emission rates
from RESOXD" coal will be 6.7 x 1072 mg/s (5.3 x 10™* 1b/hr) at the demon-
stration plant and 0.89 mg/s (7.1 x 1073 ib/hr) at the commercial facility.

FUGITIVE AIR EMISSIONS FROM LIMESTONE STORAGE AND HANDLING

FW Demonstration Plant

At the demonstration plant fugitive limestone dust will be released by

storage and transport operations. Emission rates for these unit operations
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are difficult to estimate but calculations based upon published9 empirical
rates for rock handling processes may Be appropriate. Total uncontrolled
emission rates due.to screening, conveying and handling are estimated to
be 5 g/kg (10'1b/ton). Although no figures are given for the percentage
of this total which faiis into the suspended particulate raﬁge, approxi-
mately 50 percent of the uncontrolled losses from rock crushing settle

out in the immediate vicinity of that operation. Applying this 50 percent
factor to the above emission rate sets this at 2.5 g/kg (5 lb/ton). In
addition, Foster-Wheeler plans to incorporate a filter over the limestone
surge bin. This control device would remove approximately 99 pefcent of
the fugitive dust,9 loﬁering the controlled emission rate to 2§ mg/kg
(0.05 1b/ton). Applying this factor to the limestone feed rate of

0.123 kg/s (975 1b/hr) yields an emission rate of 3 mg/s (0.024 1b/hr).
Additional fugitive dust emissions from limestone storage should be negli-
gible by comparison. “There is no drying unit designed for the 10 MW Demo

and, therefore, no related fugitive emissions.

FW 250 MW Unit

The proposed design for the 250 MW commercial unit calls for'crushing and
drying of limestone in addition to handling and storage. Estimates of
emission factors for these operations can be obtained from AP-429 factors
for lime manufacturing. This publication indicates that primary and
secondary crushing operations generate particulate emissions of .15.5 g/kg
(31 1b/ton) and 1 g/kg (2 1b/ton) respectively. Because the analyses
presented here reflect worst case situations, it will be assumed that the
factor for primary crushing is applicable. The preliminary FW design

does not include a baghouse over the crushing unit although such a control
device 1s indicated as an adjunct to the dryer. A baghouse filter would
reduce crushing emissions by 99 percent to 0.16 g/kg (0.31 1b/ton). There-
fore, at a limestone feed rate of 1.6 kg/s (12,600 1b/hr) a worst case
analysis predicts uncontrolled crushing emissions will be 25 g/s (200 1b/hr)
and controlled emissions will be 0.25 g/s (2 1b/hr).
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No specific data are available regarding air emissions from limestone
drying. For a worst case analysis comparative emissions expected from
calcining operations may be illustrative of the order of magnitude involved.
The emission factor given by AP-429 for rotary kiln calcining is 100 g/kg
(200 1b/ton). With use of a baghouse filter, as proposed by FW for tﬁe

250 MW unit these emissions will be reduced by about 99 percent to 1 g/kg
(2 1b/ton). At a feed rate of 1.6 kg/s (12,600 1b/hr) a worst case
analysis of limestone drying predicts an emission rate of 1.6 g/s

(12.6 1b/hr).

Additional emissions due to limestone screening, conveying and handling
if unabated by a control system would be roughly 4 g/s (31.5 lb/hr) or
0.04 g/s (0.32 1b/hr) if covered by a baghouse unit. This is estimated
from applying the emission factor derived for the 10 MW Demo to the lime-~

stone feed rate stipulated for the 250 MW plant.

Therefore, total fugitive air emissions at the 250 MW unit resulting from
limestone storage, handling and drying operations will fall in the range
of 1.9 g/s (13 1b/hr) to 30.6 g/s (244 1lb/hr).

TRACE ELEMENT EMISSIONS

Trace element emissions from the fuel oil combustion can present environ-

mental impacts by several pathways:

e Enrichment - Toxic elements (e.g., Pb, V) can volatize
and selectively condense on small particulates in the
combustion process. These enriched fine particulates
are doubly problematical in that they are difficult to
control at the stack exit and once released, they can -
readily penetrate deeply into the lung. .

e Vaporization - Some toxic compounds are sufficiently
volatile to be emitted from the combustor in the gas
phase (e.g., Hg, F, Se).

e Formation of carcinogenic compounds - Compounds of cer-
tain trace elements (Cr, Ni) are carcinogenic. These
emissions are of particular concern because quantitative
correlations between ambient concentrations of these
species and health effects have not been established.
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The unique feature of the CAFB limiting trace element emissions is that
the limestone bed acts as a sink for these species (e.g., V, Ni, and Fe).2
In this fashion the gasifier itself functions as a control device for trace

element emissions.

There are very few analyses available of the trace element content of
limestone and residual oil or bitumen. The trace element content of
residual oil may vary greatly depending on its origin. The analyses
presented in Tables 4 and 5 for trace element composition of residual
0il and limestone will be used for the estimates calculated here.
Table 8 lists those elements found in oil or stone which are either

volatile or toxic.

Table 8. VOLATILE OR TOXIC
TRACE ELEMENTS IN
OIL AND STONE

Cadmium Vanadium
Cobalt Zinc
Arsenic Ant imony
Lead Chromium
Scandium Copper
Tellurium - Fluorine
Iron- Nickel

The major source of trace element emissions through the stack is feed oil

rather than limestone for two reasons:

@ The oil/limestone feed ratio is greater than 10 to 1.
Of the trace elements listed in.Table 8 only iron
is an order of magnitude more abundant in limestone
than in oil.

e Trace elements in the sorbent are contained in a
limestone matrix as the fairly unreactive oxide
or carbonate (see Table 6); thus they will have much
lower emission factors than the more volatile forms
of trace elements (such as sulfides) encountered
on the fuel. :
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To determine possible environmental impacts of trace element emissions

a worst case analysis can be made, assuming that all trace elements

in the fuel feed exit through the stack. If these emission rates.can be
shown to produce negligible environmental impacts, then trace element

emissions will not be of concern in the CAFB.

Emission factors at the top of the stack for those elements called out in
Table 8 are tested in Table 9. It has been estimatedlO that ground "level
ambient concentrations in the vicinity of the stack are on the order of
0.1 percent of those at the top of the stack. These ground level values
are also listed in Table 9. To judge the potential environmmental impact
of these trace element emissions these ambient loadings should be com-
pared with maximum acceptable ambient air concentrations or Multi-Media
Environmental Goals (MEGS) established by EPA.ll These factors are deter-
mined from Threhold Limit Values (TLV's)12 set by OSHA by the following

formula.
MEG = (8/24)(0.01) TLV

The factor 8/24 adjusts the 8-hour workday OSHA standard to 24-hour ex-
posure, and the factor 0.01 provides a margin of safety for those people
who are less healthy than the average industrial worker. Both TLV's and
MEGS are listed in Table 9. For a given element to be of potential concefn

its ambient concentration must exceed its MEG.

Applying this crifefion, vanadium, cadmium and nickel are the only trace
elements whose worst case.emission rates may be of concern. Previous ERCA
Studies, however, have shown that almost all fuel vanadium and three-
quartefs of the nickel are picked up by the gasifier bed material. 1In the
ERCA analysis of fuel oil (Table 4) cadmium could not be distinguished
from indium. Thus it is not at all clear that cadmium is present in the
oil to any significant extent. Although the worst case analyses make no
assumption about the physical form of trace elements exiting the stack,

most of these elements will in fact condense on particulate surfaces as
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‘Table 9. COMPARISON OF WORST CASE EMISSION ESTIMATES WITH AIR
| QUALITY GOALS

Concentration at :
top of stack, Ambient concentration, TLV MEG
Element mg/m3 ug/m3 mg/m3 ug/m3
As 0.19 0.19 - 0.5 1.7
cd . 0.45 o 0.45 0.05 0.17
Co- ©0.013 0.013 R 0.1 0.33
Cr | 0.090 0.090 1.0 3.3
Cu ' 0.025 0.025 1.0 3.3
F . 0.014 0.014 2.0 6.7
Fe 2.0 2.0 1.5 5.0
Ni - 2.62 2,62 1.0 3.3
Pb _ 0.23 0.23 0.15 0.5
Sb _ 0.047 0.047 0.5 1.7
Te 0.064 0.064 0.1 0.33
v 19.65 19.65 0.5 1.7
Zn 0.17 0.17 5.0 16.7

the stack gas cools. Particulate chemical composition is discussed in -

detail in Section V.
WATER EMISSIONS FROM RESOXTM COAL STORAGE

Surface run-off from natural precipitation constitutes the primary source
of potential contamination of surface waters due to coal storage. The
pollution potential of coa1>pile runoff depends upon local precipitation,
pile area, storage foundation material and storage pile coating. Coal pile
runoff usually has a low pH and a high concentration of dissolved solids
including iron, magnesium, and sulfate. Aluminum, sodium, manganese,

and other metals may also be present in undesirable amounts. Coal pile
drainage contains dissolved metallic salts in the concentration range

shown 1in Table 10. The variability of drainage composition reflects the

53



Table 10. COMPOSITION OF DRAINAGE FROM
COAL PILES!3
Concentration, mg/l2

Alkalinity 15 - 80
BOD 3 -10
COD 100 - 1,000
Total solids 1,500 - 45,000
Total suspended solids 20 - 3,300
Total dissolved solids 700 - 44,000
Ammonia | 0.4 - 1.8
Nitrate 0.3 - 2.3
Phosphorus 0.2 - 1.2
Turbidity 6 - 505
Acidity 10 - 27,800
Total hardness 130 - 1,850
Sulfate 130 - 20,000
Chloride 20 - 480
Aluminum 825 - 1,200
Chromium 0 - 16
'Copper 1.6 - 3.9
Iron 0.4 - 2,0
Magnesium 90 - 180
Sodium 160 - 1,260
pH 2.2 - 8.0

aAppropriate for all values except pH.
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variety of coals used és well as the rate of rainfall, No specific data

was found for anthracite, the type of coal to be used for the RESOXTM at

the demonstration plant., During heavy rainfall the level of dissolved solids
in the runoff will be high initially and will rapidly decrease. When
rainfall is light, the long retention time may allow more diffusion, and
hence more chemical reaction to occur and result in higher pollutant
concentrations. Meteorological conditions in the San Benito area produce
relatively brief periods of heavy rainfall during the late suﬁmer and

early fall and little other precipitation.

Accurate éssessment of the runoff associated with the 250 MW unit must
await site selection and specifics of the coél storage pile. An order of
magnitude estimate of this emission can be made from general correlation
data.l13 Assuming a 30-day supply of coal is kept on hand, the storage
pile will hold up to 1.4 x 106 kg (3 x 106 1b). This corresponds to a
volume of roughly 850 m3 3 x 104

in a pile of area 186 m2 (2,000 ft2) and height 4.6 m (15 ft). At an
3

ft3) which will .be assumed to be contained

annual rainfall of 114 cm (45 in.) the yearly runoff would be 212 m
(7500 ft3). '

. EMISSIONS FROM RESOXTM SOLID WASTE

Spent fuel effluent from the RESOXTM system amounts to 0.02 kg/s (150 1b/hr)
at ‘the demonstration plant and 0.25 kg/s (2,000 1b/hr) at the 250 MW unit.
Foster Wheeler plans to market this material which is approximately:

75 percent carbon and 25 percent ash as a low sulfur solid fuel with a
heating value of about 5800 kcal/kg (10,500 Btu/lb). If this material is:
not marketable a number of disposal possibilities including ponding and
landfill will have to be considered. Air, water and leachate emissions

from these options should be carefully evaluated if such disposal will be

required.

The other solid product from the RESOXTM unit operations 1is sulfur.

Foster Wheeler also plans to market this material., Nevertheless, sulfur
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processing and handling operations must be evaluated for their environ-

mental impacts.
EMISSIONS ASSOCIATED WITH SPENT REGENERATOR STONE

Solid waste will be eﬁitted from the regenerator in both Foster Wheeler
designs and will be transported to the spent solids handling system where
the solids wiil be cooled with air and pneumatically transported to a
spent solids storage silo. The cooler air exhaust is vented to a cyclone
and collected solids are sent to the storage silo. To reduce air emis-

sions, the storage silo exhaust will pass through vent filters.

Foster Wheeler has considered the prospect of marketing the spent solid
material. If marketing is not possible, the waste material must be dis-
posed of in an environmentally acceptable manner. As is the case with

sulfur, unit operations associated with marketing must be carried out in

an environmentally acceptable manner.

Spent stone from the CAFB cannot be disposed of as a solid land-

f11l in an environmentally acceptable manner without further treatment.
The stone consists of from 3 to 5 percent CaS which will react with
moisture in the air to liberate HZS‘ The HZS will be oxidized in the
atmosphere to SOZ' This S0, will add to the SO2 emissions from the CAFB
unit and the whole system could exceed federal SO2 standards. For example,
Westinghouse has determined that if 90 percent of the fuel sulfur is re-
tained in the bed and 70 percent of the waste sulfide is converted to
sulfate, then the total emissions from the CAFB and waste disposal pile
enission standard (0.8 lbs 50,/10°

would exceed the current federal SO Btu)

, 2
after 12 years assuming a 6 percent sulfur annual loss rate.3 Clearly,

the waste stone must be treated to remove the sulfide or render it inert.
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Westinghouse4 has been investigating several methods for spent stone
processing prior to disbosal. These methods include:
e Dry sulfation - reacting stone with S02 and 02 at 870°C

(1600°F) to produce a product containing 90 percent
CaS04 and 10 percent CaO.

e Migsing stone with coal fly ash and hot pressing.

e = Wet slurrying with carbonation - reacting spent lime with
water and CO2 to produce CaCO3 and H3S.

Three possible disposal options are also being considered: sale of processed
stone, land filling and ocean dumping. As yet no combination of processing

and disposal has been shown to be environmentally acceptable.
EMISSIONS AND ENVIRONMENTAL EFFECTS OF CONDENSER COOLING

The La Palma power station condensers are cooled by six mechanical draft
cooling towers. 14 These cooling towers afe visible in Figure 7 which

is an aerial photograph of the power plant: The FPC Form 67 data stipu-
lates a cooling water recirculation rate of 10.8 m3/s (380 ft3/s) in

order to service the entire 230 MW of plant capacity.l4 The use of the

10 MW CAFB demonstration plant should have negligible effect on the over-
all quantity and characteristics of cooling water withdrawal, recirculation,
and discharge. A summary of potential environmental impacts produced by

the La Palma cooling towers are presented in Table 11.15

Thermal Discharge

Makeup'watér is required at a rate of 0.09 m3/s (3.15 ft3/s) and discharged
at. 0.025 m3/s (.9 ft3/ss, reflecting an evaporative water loss of 0.06 m3/s
(2.25 ft3/s).14 The cooling water experiences a temperature rise of 9°C
(16°F) as it circulates past the condensers. Thermal discharge to the water
‘environment will depend upon whether blowdown is performed at the cold

side or hot side of the cooling system. If blowdown is done on the hot
side, a coﬁservative estimate of heat rejection to the ambient water is

10 percent of the heat content of the recirculating cooling water.13 At

57



Figure 7. Aerial photograph of the La Palma Power Station
(from Foster Wheeler)
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Table 11.

LA PALMA STATION COOLING TOWERS1S

SUMMARY OF POTENTIAL ENVIRONMENTAL IMPACTS FROM THE

Atmospheric effects

Hydrologic and aquatic effects

Other effects

Visible plume:
visual obstruction, ground
shading, and reduction in
visibility to varfious modes
of transportation.

Ground fog:
potential hazard to land and
water tramsportation and
nuisance to nearby communi-
ties.

Icing:
hazard to land tramsportation
-and ice accumulation on
nearby structures and utility
wires, . )

Drift deposition:
potential damage to biota,
acceleration of corrosion of
nearby structures, and con-
tamination of soil and water
bodies.

Cloud formation:
visual obstruction and poten-
tial local weather modifica-
tions,

Precipitation and snow
augmentation:
potential local weather modi-
fications.

Blowdown:
potential increase of water
temperature near discharge
point, contamination of
surface-water and ground-
water supplies, potential
increase of soil salinity.

Water consumption:
potential depletion of
surface-water and ground-
water resources.

Seepage and leakage water:
same effects as blowdown
discharges.

Intake screen devices:
impingement or entrapment
of aquatic life.

Transport through condensers
and circulation pumps:
damage to aquatic organisms.

Discharge systems:
disturbance to aquatic
communities due to mechan-
ical forces and turbulence.

Land use:
large land areas
required for each of
the cooling systems.

Sound levels:
nuisance to nearby
residents and tran-
sient observers.

Aesthetics: )
unsightly to nearby
residents and tran-
sient observers.
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a AT of 9°C (16°F) and a discharge rate of 0.025 m3/s (0.9 ft3/s), the heat
‘discharge to the ambient water is equal to 23 kcal/s (7.8 x 10® Btu/day).

The effect of heat discharge to ambient water is the reduction in the
dissolved oxygen concentration, which can cause migration of aquatic
species, fish kills, and a reduction in the capacity for natural stream

purification,

Cooling Tower Blowdown Wastewater Discharge16

Federal regulations require that pollutants discharged in cooling tower

blowdown will not exceed the concentrations noted in Table 12.

A recent EPA dbcument16 requires even more stringent limitations on
effluent residual chlorine discharged into fresh water. Table 13
illustrates these specifications. The allowable residual chlorine con-
centration -thus depends upon whether the cooling water is discharged to

the tidal estuary portion of the Rio Grande or to the Gulf of Mexico.

As cooling water.evaporates, all dissolved and suspended solids are con-
centrated in the cooling stream. The solubility of the constituents at
specific temperature and pH limits the degree of concentration. Preci-
pitation of solids onto metal surfaces can occur and is prevented by
injecting chémical>additives for control of scale, corrosion, and algae,
slime, and fungi buildup. Tables 1418 and 1513 illustrate the type and

concentration of chemicals mixed into cooling tower water.

The FPC Form 67 summary14 for the San Benito Plant states ﬁhat 3 tons/yr
of chlorine are added to the circulating cooling water in order to control
the fouling of metal surfaces with microorganism growth. Disregarding

any chlorine reaction results in a residual chlorine discharge of 3.4 mg/1,
which 1s an order of magnitude higher than the limits noted in TaBle 12.
This is an extremely conservative estimate based solely on a worst case -

“analysis and actual free chlorine discharge will be much lower than
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Table 12. WATER EFFLUENT STANDARDS16

l-day 30-day
maximum average
concentration, | concentration,

Pollutant ng/1 mg/1
Free available chlorine 0.5 0.2
Zinc 1.0 1.0
Chromium 0.2 0.2
Phosphate 5.0 5.0

Other corrosion Limit to be established

inhibiting materials on a case by case basis

Table 13. RESIDUAL CHLORINE RECOMMENDATIONSIZ

Residual chlorine A
Type of chlorine use concentration, mg/l Degree of protection

Continuous <0.01 Protects trout and salmon
and other important fish
food organisms. Poten-
tially lethal to more
sensitive species.

<0.002 Protects most aquatic
organisms,
Intermittent — 2 hrs/day <0.2 Protects trout and salmon.
<0.04 Protects most aquatic
organisms.
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Table 14. CHEMICALS USED IN RECIRCULATIVE
COOLING WATER SYSTRMS18

! Use ) Chemical

Corrosion inhibition or scale | Organic phosphates
prevention in cooling towers | Sodium phosphate

Chromates

Zinc salts

Synthetic organics

Biocides in cooling towers Chlorine

Hydrochlorous acid
Sodium hypochlorite
Calcium hypochlorite
Organic chromates
Organic zinc compounds
Chlorophenates
Thiocyanates

Organic sulfurs

pH control in cooling towers Sulfuric acid
Hydrochloric acid

Dispersing agents in Ligninse
cooling towers ° Tannins
Polyacrylaounltrile
Polyacrylamide

Polyacrylic acids
Polyacrylic acid salts

Biocides in condenser cooling | Chlorine
water systems Hypochlorites
Sodium pentachlorophenate

Table 15. COOLING TOWER CORROSION AND
SCALE INHIBITOR SYSTEMS13

Concentration of chemical
additives in recirculating

Inhibitor system water, mg/l
1. Chromate 200 - 500 wg/1 Croau
2. Chrowate + Zinc 17 - 65 mg/l Cr04"

8 - 35 mg/l Znt+

3. Chromate + Zinc + 10 - 15 mg/1 Cro,"
Phosphate (Linorganic) 8 - 35 mg/l zmtt

30 - 45 wg/1 POSF

4. 2inc + Phogphate 8 - 35 mg/1 ZntH
(norganic) | 15 - 60 wg/1 PO,

S. Phosphate (inorganic) 15 - 60 wg/1 PO,®

6. Phosphate (organic) 15 - 60 mg/1 PO,
3 - 10 mg/l organics
7. Organic biocide 30 mg/1 chlorophenol
’ 5 mg/1 sulfone
1 mg/1 thiocyanate
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specified limits because most of the added chlorine will be chemically

bound to other species contained in the cooling water,.

Dissolved species in cooling water may be naturally occurring or introduced
as corrosion,inhibitors; biocides, pH controls, and dispersants; When

the concentration of these ions exceeds solubility limits, salt will
precipitate. The solubility of some salts decreases when the temperature
rises. Salts exhibiting this characteristic are likely to precipitate

and form scale on hot condenser tube walls and reduce heat.tranéfer. The
most common way to control scale formation is to blowdown a portion of the
circulating water stream and replace it with fresh water so that the ion
concentration in the circulating water does not reach saturation at any
time. Blowdown (B) is a fuhction of cooling water makeu§ qﬁality. As
shown below, the volume of cooling water makeup (M) required is equal to
the sum of the volume of cooling water lost as blowdown (B); drift (D),
evaporation (E), and seepage or leakage (S). S is very small in comparison
to thé other volume parameters and can be neglected without significantly

affecting calculated volumes.
M=B+D+E+ S

It follows that the volume of blowdown is a function of makeﬁp water

quality and can be determined from the following expression,

'B=E—len)@-1)
C -1

where C = cycles of concentration (dimensioniess).13

Cycles of concentration is the number of times that the solute species
can be concentrated before one particular constituent concentration ex-
ceeds a critical level. C can be increased as influent water quality

increases. This qualitatively illustrates the degree to which influent
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water quality can degrade prior to falling below acceptable levels. The
equation shows that for a constant rate of evaporation, drift and seepage
the required blowdown decreases as C increases. The equation represents
a tradeoff between external feedwater treatment and internal chemical

conditioning needs.

For average quality cooling water makeup, the value for C is conventionally
kept between 4 and 6. For extremely high quality cooling water makeup,
C values of 15 and above may be employed. When saline cooling water is

used, C generally ranges between 1.2 and 1.5.13

. Cooling Tower Drift

Warm moist air discharged from cooling towers contains water droplets
which range in diameter from a few to several hundred micrometers. Those
droplets greater than 20 um in size are considered as drift and smaller
droplets constitute fog. Whereas fog is relatively pure condensed water
vapor, drift droplets contain the same concentration of dissolved chemicals

as the circulating cooling water.19’20

Cdoling tower characteristics which affect drift ratesl?d include:
® Volume of circulating water in the system per unit time
e Tower features (height, diameter, and characteristics of
drift eliminators for natural-draft tower; height, cell
diameter, characteristics of drift eliminators, and
number of cells for mechanical draft tower)
o Drift flux and droplet size distribution

° Exit temperature

e Efflux velocity

Smaller size water droplets remain in the cooling tower plume for longer

time periods than larger heavier droplets., As the heavier droplets fall
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~out they are affected by atmospheric tgrbulencé. Atmospheric character-

istics which affect drift deposition include: 19

o Ambient temperature,

e Relative humidity,

97 Atmospheric stability,

o. Mixing layer depth,

® Wind speed and direction, and
o Precipitation.l8

Cooling tower drift losses vary between 0.005 and 0.02 percent of the
cooling tower circulation rate.l3 This amounts to 6 to 50 x 10—4 m3/s
(1.2 to 4.8 cfm) drift discharged to the atmosphere from the mechanical

draft cooling towers in use at the La Palma Power Station.

Fogging

Plumes from cobling towers have the potential to produce conditions of
fogging and icing. Normally the plume will mix with the ambient air and
not inhibit visibility. However, during thermal inversions and periodé
of high humidity and 1o& temperature, the plume can become bounded close
to the ground surface and cause fogging. Fogging is generally limited to
‘the cooling tower site (within ~600m (2000 feet) of the tower). The pro-
bability of occurrence is higher with mechanical draft than natural

draft cooling towers. 17

Water Consumption

The mechanical draft cobling towers in use at the La Palma station cool
primarily by latent heai transfer; only about 25 percent of heat loss
is through sensible heat transfer.l’? The FPC reports that 0.064 m3/s'
(2.25 ft3/s) of water is evaporated by the La Palma cooling towers.l4 |
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EMISSIONS FROM BOILER WATER TREATMENT AND BOILER BLOWDOWN

Boilers in steam-electric power plants require that makeup water be added
to steam condensaté return in order to compensate for recirculating water
lost during boiler blowdown, steam soot blowing, venting, gland and
boiler tube leakage. The required quantity and quality of feedwater is a
function of boiler operating pressure and heat transfer rate. It is not
anticipated.that feedwater requirements and water emissions will change
after the 10 MW CAFB is retrofitted to Unit No. 4 at the La Palma Power
Plant. '

The La Palma Plant uses fixed bed demineralizers for treatment of feed-
water used in boiler units 4 and 6.21' This is an ion exchange process
in which undesirable ions such as caicium and magnesium react with a
polymeric resin and are removed from the feedwater. Both positive and-
negative ions are removed by cation and anion exchange resins. Cation
resins are generally synthetic polymeric materials containing ion groups
such as SO3H-; Common anlon exchange resins are synthetié amines. 22

“Xqi§biééimEaiiénhekéhaﬁgé féééfion is:

ca't + H, R=>CaR + 20"

where R represents the cation exchange resin.

When the exchange resin's capacity for collecting more cations is exhausted,
it is regenerated by passing a 2 to 10 percent H,SO, solution through the

2774
bed; 1i.,e.,

Ca-R + 2H S2Hy-R + Ca*"
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Figure 8. Fixed bed ion exchange system23

Anion éiéﬁéﬁgé féplaces undesirable anions with hydroxide ions according to:

SO

= . — . -
, + R'(0H),T—R"S50, + 20H

4

Regeneration is accomplished by passing 5 to 10 percent solution of sodium

hydroxide through the bed:

R-S0, + 200 = R- (on), + 50,~
Actual treatment involves a number of steps. The feedwater is passed
through the resin bed until an excess of contaminant appears in the
effluent.. Following such breakthrough, the bed is backwashed and the
resin regenerated and rinsed. The bed is then ready for another treatment
cycle.22 Figure 8 schematically illustrates in ion exchange treatment

unit.23
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Backwashing is performed after breakthrough for a period of about 10 min-
utes at a flow rate of 3.4 to 4.8 liters per second per square meter (5 to
7 géllons per minute per square foot) of bed area. This step removes any
accumulated dirt and loosens the resin to prevent flow channeling during .
subsequent treatment cycles. After regeneration, excess regeneratioh
solution and spent solution is rinsed from the bed. The total volume of
rinse water required is approximately 3.34 x 103 liters per m3 (25 gallons
pe? £t3) of bed volume. The waste materials carried in the rinse water
are primarily sodium, calcium and magnesium chloridés or sulfates, plus

excess sulfuric acid or alkali (NaOH) used for reggneration.13

Boiler Blowdown

In ofder to maintain dissolved and suspended solids below specified levels,
a portion of the circulating boilef water is periodically or continuously
dischargéd from the system. If solids are allowed to accumulate they

will eventually precipitate onto heat transfer surfaces and cause ef-

ficiency and structural integrity to deteriorate.

Pollutants discharged with boiler blowdown include suspended and dissolved
solids, hardness, phosphates, and alkalinity. Total dissolved solids
content ranges between 10 and 100 mg/l. At La Palma, hydrazine is added
to condensate return for corrosion prevention and it is estimated that
blowdown pH ranges between 9.5 and 11 and contains ammonia at a concen-

tration of 1 to 2 mg/l.13
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SECTION V

FIELD TEST PROGRAM AND LABORATORY RESULTS

INTRODUCTION

The field test program carried out by GCA at the ERCA CAFB pilot plant
during the period November 24 to December 11, 1975, was directed primarily
'toward fldédgas and particulate emissions and secondarily toward solid
waste effluents. The goal of this effort was to characterize as completely
as possible, within the economic and time constraints of the project,

the physical and chemical properties of the emissions from the boiler
‘stack. Specific details of the field test program evolved during the
course of the testing, being largely dependent on the operating param-

eters of the pilot plant.

Coincident with the planning and pre-test site visit was the announcement
of the "multilevel phasedjapproach"1 to source sampling and analysis

by the Process Measurements Branch of IERL. Because this project'is

a preliminary environmental assessment of a facility which heretofore

had not been subjected to a comprehensive emissions assessment a decision
was made early on in the project to combine measurements of the ''criteria
pollutants" using the standard EPA methods with the Level 1 approach1 to
- determination of organic and inorganic emissions. The rationale for

this approach is that the CAFB demonstration plant and proposed commercial
unit will have to meet local, state and federal emission standards and
new source performance standards for particulate, NO_, SOx,Aand co.
Furthermore, because this study has as one of its goals the generation

of recommendations for more comprehensive testing of the Foster-Wheeler
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demonstration plant currently being designed, that extensive Level 1
information for a number of operating conditions Would be more valuable

than detailed data on a limited number of specific pollutants.

The GCA field team collected flue gas samples during normal gasification
of bitumen and fuel oil, as well as during startup and abnormal (élogged
:gasifier/regenerator stone transfer system) operation. Actual sampling
was accomplished during seven different pilot plant runs. In addition
to stack gas samples, the GCA team collected spent regenerator stone,
leached stone, gasifier bed stone, cyclone fines and fuel and limestohe

feed 'samples for subsequent laboratofy analysis.,

The following subsections detail the sampling and analytical techniques
"employed in the field and in the laboratory, the pilot plant operating

conditions and the results of the test program.
FIELD SAMPLING PROTOCOL

As shown schematically in Figure 8 flue gas leaves the boiler via a

68.6 cm (2.25 ft) diameter duct from which approximately 5 percent of the
_flow is diverted through an experimental baghouse. The remaining flue
gas encounters a khockout baffle and cyclone and then exhausts through

a 68.6 cm (2.25 ft) diameter stack. Three ports (labeled A in Figure 9)
spaced 120 degrees apart are located approximatély six diameters upstream
from the flue gas entry into the stack. Figure 10 is a photograph of

the stack showing the locations of the sampling ports, the cyclone and
the knockout baffle. Two of the stack ports are 3-inch BSP and one is
2~inch BSP. Figure 11 is a closeup picture of two of'the three ports.
Installation of a fourth port to allow for perpendicular traversing wquld

have weakened the structure.
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Particulate sampling was accomplished using.a standard RAC train constructed
according to the procedures outlined in EPA Method 5.2 Due to the positions
of the installed ports, eight point traverses were taken on two diameters
120 degrees apart. The train was modified slightly to allow for sampling

of gaseous organic speciles (see below).

Particulate size distribution measurements were taken with a Unilversity
of Washington eight stage instack impactor using ungreased substrates.
A single point was sampled isokinetically for sufficient time (15 to

30 minutes) to collect a weighable quantity on each stage.

In addition to particulate, flue gas was sampled for NOx by Method 7,2
802/803 by Method 82 and H,S by Method 11.2 An Orsat analyzer was used to

measure CO, 002 and 02.

2

To collect gaseous organic species the RAC train was modified by placing

a gas adsorbent column between the filter and the impingers. This

column, shown in Figure 12, was developed by Battelle Columbus Laboratories
and made available to GCA for this program. Flue gas, after passing through
the filter, 1s cooled to slightly above its dew point and then passes
through a cell containing Tenax GC adsorber. This polymer reportedly
collects all organic gases C6 and above. After sampling for approximately

1 hour the adsorbent columns were capped and stored in darkness to await

laboratory analysis.
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'FIELD ANALYSES

Analyses for total particulate, 802/803, NOX,'HZS and particle size dis-

" tribution were performed on-site in ERCA laboratories by GCA pérsonnel.

The procedures outlined in EPA Methods 5, 7, 8 and 11 were followed for the
analyses of total particulate, Ndx, SOx and HZS’ respectively. To preclude
degradation, all standards, except barium perchlorate and potassium
dichromate which are stable for long periods of tiﬁe, were prepared at

ERCA.
LABORATORY ANALYSES

Three general types of analytical procedures were applied to oil, flue gas,
particulate and solid waste samples collected during the field test program:
organic functional group identification; trace element quantification; and
surface element and inorganic compound quantification. Organic functional
group and trace element analyses were performed according to the procedures
outlined in the EPA Level 1 protocol;1 surface analysis is more properly

a Level 2 technique. Each analytical technique -is described below.

*
Organic Functional Group Analysis

In this procedure,3 sample extracts are separated into eight fractions by
liquid chromatography (LC), evaporated to dryness, weighed, redissolved
and anélyzed by infrared spectroscopy._ Methylene chloride was used to
extract oll, particulate and spent stone samples; ‘pentane was used to

extract organic vapors adsorbed on the Tenax polymer.

Liquid chromatographic separation into eight fractions is accomplished by
transferring the extract to an LC column and eluting sequentially with the

following solvent mixtures:

* ' . '
These analyses were performed by Battelle Columbus Laboratories under
subcontract and by the Process Measurements Branch of EPA.
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(1) 25 ml 60/80 petroleum ether
(2) 25 ml 20% methylene chloride in 60/80 petroleum ether
(3) 25 ml 50% methylene chloride in 60/80 pétrbleum ether
(4) 25 ml methylene chloride
(5) 25 ml 5% methyl alcohol in methylene chloride
(6) 25 ml 20% methyl alcohol in methylene chloride
(7) 25 ml 50% methyl alcohol in methylene chloride
" (8) 25 ml methyl alcohol.

Table 16 indicates the classes of organic compounds eluting in each frac-
tion and their detection limits based upon the total sémple extract., After
collection from the LC column each fraction is reduced to dryness using

a Kuderna-Danish evaporator and air evaporation and then weighed to deter-

mine the amount of organic material in each fraction.

The dried fractions are then redissolved in methylene chloride and subjected

to IR analysis. The IR spectra are then scanned for functional group peaks.

*
Trace Element Analysis

Stack particulate, spent stone, fuel oil, gasifier bed stoné, gasifier
cyclone fines, and knockout baffle material were analyzed for elemental
composition using low precision (& 200 percent) spark source mass spectrom-
etry (SSMS). This technique 1is sensitive to 70 elements. To calibrate

the SSMS results, some elements were quantified by higher precision atomic
absorption (AA) spectroscopy. Interference of organié ions with low atomic
weight elements is well known in SSMS as are losses of Qolatile compounds.
Thus uncertainties of values derived for light elements such as fluorine,

sodium and sulfur may be higher than the indicated precision.

* .
This work was performed by Battelle Columbus Laboratories and Aculabs
under subcontract to GCA and by Northrup Services under contract to EPA,
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Table 16.

CLASSES OF ORGANIC COMPOUNDS ELUTING IN EACH LIQUID
CHROMATOGRAPHY FRACTION, AND THEIR APPROXIMATE IR

DETECTION LIMITS

Fraction

Compound type

Approximate IR sensitivity

Aliphatic hydrocarbons 4

Aromatic hydrocarbons
POM

PCB

Halides

Esters

Ethers

Nitro .compounds
Epoxides

Phenols
Esters
Ketones
Aldehydes
Phthalates

Phenols
Alcohols
Phthalates
Amines

Amides

Sulfonates

Allphatic acids
Carboxylic acid salts

Sulfonates
Sulfoxides
Sulfonic acids

Sulfonic acids

1-10 ug

1-10 ug
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Surface Analysis

A number of particulate and solid samples were investigated for surface
elements and inorganic compounds using X-ray photoelectron spectroscopy
(XPS) also known as electron spectroscopy for chemical analysis (ESCA).
In ESCA a high energy X-ray beam (for the analyses reported here the MgKa
line having an energy of 1253.6eV was used) impinges on a solid knocking
out core electrons from atoms on the solid surface. The resulting electrons
pass through an energy analyzer and are pulse counted by a particle mul-
tiplier. The binding energy of the electrons is then calculated from the
energy of the incident X-ray, the spectrometer work function and the measured
electron kinetic energy. Binding energy ranges can be uniquely associated
with specific precursor elements. In fact, ESCA is sensitive to all elements
in the periodic table. An additional feature of ESCA spectra is that the
'precise electron binding energy in a known range 1ls a function of the
valence state of the atom of interest. For example, sulfur combined as
sulfate can be &ifférentiated from sulfur as sulfide. 1In addition, because
core electron ejection cross sections are relatively independent of valence
state, the ratio of the areas under the peaks corresponding to sulfate

and sulfide is a measure of the sulfate;sulfide surface concentration ratio.

A further consequence of the independence of cross section upon valence
state is that the relative concentrations of all elements on a surface
can be calculated from known sensitivity values. Table 17 lists sensi-
_tivity factors applicable to the GCA/McPherson ESCA 36 instrument calculated

from published photoionization cross sections.4

All samples analyzed by ESCA in this study were first scanned over the entire
electron binding energy range (broadband scan) to identify those elements
present in concentrations greater than 0.1 to 1 percent (the senmsitivity

of ESCA to any one element is a function of the photoionization cross

section of the most intense core electron emission of that element).
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Table 17. ELEMENTAL SENSITIVITY. FACTORS. .
FOR THE EScA36 :

Element Electron Sensitivity factor
-0 1s 430.8
28 36.6
C 1s 241
N ls 340
K 26 436
2p 956
S 2p 496,8
Pe 2p . . 618.7-
3p 381
F 1s 562
Ca 2p 1215
Ccl 28 275
2p 567
st 28 394.2
2p 596
Pb 4ds /o 459.8
4f 4317 (£20%)
Al 2 226 '
2p 258.5
sb 3dq,9 3787
4p 154.6
4d 1331 (£25%)
As 3p 364
3d 540
Na | 28 283.7
2p 170.2
KLL 1381
Cu 2p 589
LMM 1060
Sn 3d 2990 (225%)
P 28 243.6
2p 479.9
\ 2p3/2 1026.3
Mg 2s 220
. 2p 167.4
Cr 2p 743.6

ca, | ad . 2820.7
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These broadband. spectra were then analyzed to yield surface concentrations

of all identifiable elements.

Some of the filter samples and impactor substrate samples had relatively
light covering thus exposing portions of filter and aluminium foil to the
X—réy beam. ESCA scans of these bare materials are shown in Figures 13

and 14.

The compound -forms of surface vanadium and sulfur are also of interest in
this study. They were investigated by scanning the binding energy ranges
correspbndiﬁg to the ejection of the 2p electron of vanadium and the 2p
electron of sulfur. Figures 15 and 16 show the spectra of V905 and

vanadium metal used as standards to bound the vanadium valence range between
+5 and 0., The asymmetric bimodal structure of each spectrum is due to the:
presence of two spin-orbit states, 2p3/2 and 2p1/2, and not to two different
oxidation states. In all vanadium analyses the position of the larger

21)3/2 peak was used as the comparison position. The oxygen ion peak, présent
in all vanadium scans, was used to calibrate the binding energy scale.
Similarly, sulfate and sulfide bound the sulfur valence state scale between

+6 and -2.

In addition to the vanadium and sulfur scans, the ls peak of carbon was
scanned over the energy range between 275 and 295 eV. This scan serves

two purposes: the position of the carbon ls peak at 284,.8eV corresponding
to hydrocarbons (the major carbon peak) calibrates the energy scale; #nd the
gize of the carbonate peak at 289.leV indicates the surface concentration
of this species relative to organic carbon species. In addition, the shape
of the main carbon peak is indicative of hetero-atom substitution of the
hydrocarbon species. Figure 17 displays the binding‘eﬁergies of carbon

1ls electrons ejected from various carbon compounds.
To supplement the,bulk SSMS analyses, high energy argon ions were used to

. o
etch away surface layers exposing strata 20 to 100 A deep. The exposed

sample layers were then rescanned over the entire binding energy range and
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“the resultant elemental concentrations were compared with the surface

values and the SSMS analyses.

FIELD TEST PROGRAM

Stack sampling was carriedvout &uring three distinct operating conditions
of thé piiot plaﬁt: fuel oil gasification; bitumen gasification; bitumen
combﬁstion (startup). In all, seven sampling runs were made, four during
fuel o1l gasification, two during bitumen gasification and one during
‘bitumen combustion. The number and duration of the tests were limited by
pilot plant up time. Fuel oil gasification runs (Runs 1 to &) approached
"normal' operation; however, frequent cyclone malfunction occurred, re-
sulting in variable particulate emissions. The first bitumen gasification
run (Run 5) was rendered "abnormal” by clogging of the gasifier-regenerator
stone transfer system with consequent buildup of sulfided stone in the
gasifier. Later during this same run the transfer system was purged and
fresh stone addition commenced. Startup operation (Run 6) consisted of
bitumen combustion accompanied by fresh stone feed. The final test run
(Run 7) was carried out during bitumen gasification and fresh stone

feeding.

Table 18 summarizes pilot plant operating modes for Runs 1 to 7. Fluc-
tuations in operating conditions occurred during several of the runs.

The row labeled "Stone feed' refers to continuous operationm; bécause of
blockages in the gasifier-regenerator transfer>system, stone was added at
the beginning of Runs 1 to 4 after which the continuous'feed'system was

shut down. Table 19 lists representative operating temperatures for all

runs acquired from pilot plant log sheets. A comprehensive listing of all
operating temperatures, pressures and feed rates is not presented here but

will be published in a forthcoming ERCA/EPA report.

Table 20 summarizes field tests and samples coliected during the field
trip. The first group of emissions were measured or collected at the stack
sampling port. The bottom group except for leached stone were acquired from

ERCA personnel and retained for laboratory analysis.
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Table 18. SUMMARY OF CAFB PILOT PLANT OPERATING
MODES DURING TEST PROGRAM

a b Gasifier Stone
Run Date Fuel Fuel heat input operating mode | feed

1 | 12/04/75| No. 6 oil | 2.16 102 kcal/s | Gasification | Off .
(5.13 x 10 Btu/hr)

2 112/05/75| No. 6 oil | 2.16 102 keall/s Gasification Off
(5.13 x 10" Btu/hr)

3 12/06/75| No. 6 oil 2.16 x 10: kecall/s Gasification Off
(5.13 x 10 Btu/hr)

x

£

4 | 12/08/75| No. 6 oil | 2.16 x 10, kcal/s _Gasification Off
(5.13 x 10" Btu/hr)

o

5 | 12/09/75| Bitumen 2.38 x 102 kcal/s | Gasification On
(5.66 x 10~ Btu/hr)

N

6 {12/10/75| Bitumen 2.38 x 106 kecal/s Combustion On
(5.66 x 10 Btu/hr)
7 [12/11/75{ Bitumen 2.38 x 102 kcal/s Gasification On

(5.66 x 10 Btu/hr)

8Feed rate: 2.27 1/s (36 gal/hr).

bBased oanuel oll specific gravity of 0.958 and heating value of
9.94 x 10° kecal/kg (1.79 x 10% Btu/1b) and bitumen specific gravity
of 1.0185 and heating value of 1.029 x 104 keal/kg (1.853 x 104 Btu/1b).

Table 19. REPRESENTATIVE PILOT PLANT
OPERATING TEMPERATURES2

Temperature,

Unit operation oc (°F)
Gasifier 900 (1652)

‘ Regenerator 950 (1742)
Bitumen feed 160 (320)
01l feed 4 85 (185)
Gasifier air feed 150 (302)
Top of stack 110 (230)

#From pilot plant log sheets.
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Table 20. SUMMARY OF SAMPLING ACTIVITY

Run
Type of sample or test{ 1| 23| 4| 5| 6 7] Other
SOx X1 X
VNOX X1 X
HZS X| X
Total particulate X! X X1 X|X|X
Particulate sizing X X
02 X| X X1 X[ XX
CO2 X1 X X1X|X|X
co X)X X1X} XX
Moisture X| X X X|X[|X
Organic stack‘gases XX XX
Gasifier bed XX
Regenerator bed XX XX
Left-hand cyclone®
Right -hand 'cyclonea X
Knockout baffle X|X
Stack cyclone XX
Bitumen Xb
Fuel oil X
Limestone X Xb
Leached stone

aThese cyclones are located between the gasifier and
boiler. .

bObtained during pre-sampling site survey September 1975.
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The léached stone material is.spent regenerator stone from a 1974 pilot
plant run which was sintered and placed in leaching buckets on the ground
near the plant. Six leached stone samples identified in Table 21 were

cpllected.

Table 21. LEACHED STONE SAMPLES

Sintering Sintering

Sample temperature, time,

identification . % hours
Ss1 1500 3
552 1500 1
S83 1400 3
S84 . - 1400 1
T sss 1300 3
SS6 ' 1300 1

FIELD TEST RESULTS

Tables 22 to 28 present the results of field analyses from Runs 1 to 7.
Table 29 summarizes the emission measurements for SOx, NO,, H,S and total

particulate, each of which is discussed below.
SO
—x

Sulfur dioxide,emissiéns during fuel oil gasification were. approximately

" 0.65 1b/106 Btu (300 ppm),-almost}ZO percent below the New Source Per-
formance Standard (NSPS) for oil-fired steam generators_.5 ~During these
runs the 802 concegtration:in the-regénerator éff—gas ranged between 4 and
5 percent. This value is in good agreement with those reported by ERCA
‘and with Foster-Wheeler projections of 0.64 and 0.78 1b/lO6 Btu for the

demonstration plant and commercial CAFB unit, respectively.
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Table 22, FIELD TEST RESULTS: RON 1
FUEL OIL GASIFICATION
Emigsion or
parameter Rate or value

Flue gaé flow rate

. Temperature at

sampling port
Moisfure' _ '
002'

%

co

. NOX
50,
‘so3

HZS

Total particulate

0.56 dscm/s (1180 dscfm)

108°c (226°F)

8.3 %
13.0 %
1.0 %
0.1 %
(53.5 ppmv)

(292 ppmv)

0.102 g/dscm
0.775 g/dscm

0.027 g/dscm (8.3 ppuwv)

<7 x 10_5 g/dscm
1 .

0.117 g/dsem

0.085 16/10% Btu
0.643 16/10% Beu

0.023 16/10° Btu

0.097 1b/106 Btu

Table 23.

FIELD TEST RESULTS:

RUN 2

FUEL OIL GASIFICATION:

Emission or
parameter

Rate or value

Plue gas flow rate

Temperature at
sampling port

Moisture

st

Total particulate

0.51 dscm/s (1088 dscfm)

109°%¢ (229°F)

8.6 %

12.0 Z

3.8%

0.17%
0.087 g/dscm (45.7 ppuv)
0.089 g/dscm (305 ppov)
0.026 g/dscm (7.9 ppmv)
<7 x 107 g/dscm

0.073 g/dscm

0.067 16/10% Bru
0.619 16/10° Beu

0.020 1b/106 Btu

0.056 15/10° Btu
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Table 24. FIELD TEST RESULTS: RUN 3 FUEL OIL GASIFICATION

Emission or

parameter Rate or value
Flue gas flow ' 0.60 dscm/s (1265 dscfm)
rate
Temperature at 111°% (231°F)
sampling port
Moisture 9.7%
C02 i 12.2%
o, . 2.8%
co ) 0.27%
HyS 3.17 x 10°% g/dscm  (0.23 ppmv) 2.63 x 107 1b/10° Btu
Total ~0.080 g/dscm  0.067 1b/10° Btu
particulate

Table 25. FIELD TEST RESULTS: RUN 4 FUEL OIL GASIFICATION

Emission or parameter Rate or value
Flue gas flow rate 0.58 dscm/s (1238 dscfm) s
Temperature at sampling port 133°%c (271°F)
Moisture 9.0%
002 11.6%
0, _ | 5.3%
co ‘ _ 0%
Total particulate 0.106 g/dscm’ 0.092 1b/10% Bru
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“Table 26.

FIELD TEST RESULTS: RUN 5 BITUMEN GASIFICATION

Emission or parameter

Rate or value

Flue gas flow rate
Temperature at sampling port
Moisture
co
)
co
NO
X
SO2
S0

3
Total particulate

2

0.49 dscm/s (1040 dscfm)

0.111 g/dscm
2,194 g/dscm

0.037 g/dscm
0.141 g/dscm

138°¢ (281°F)

9.5%
12.0%
3.9%
0%
(58.4 ppuv) 0.079 1b/10° Btu
(828 ppmv) 1.562 lb/lO6 Btu
(11.1 ppmv) 0.026 lb/lO6 Btu
6 Btu

0.101 1b/10

Table 27.

FIELD TEST RESULTS: RUN 6 BITUMEN COMBUSTION

Emission or parameter

Rate or value

Fiue gas flow rate

. Temperature at sampling port

Moisture
co
0y
- CO
Total partiéulate

2

0.56 dscm/s (1193 dscfm)

80°C (176°F)
2.4%
12.0%
3.9%.
0%

0.056 g/dscm 0.104 1b/10° Btu

.Table 28. FIELD TEST RESULTS: RUN 7 BITUMEN GASIFICATION

Emission or parameter

Rate or value

Flue gas flow rate

Temperature at sampling port

Moisture
(0]
¢ 2
0y
co

Total particulate

0.51 dsem/s (1090 dscfm)

127°C (261°F)
7.8%
12.0%
3.9%
0%

0.112 g/dsem 0.192 lb/lO6 Btu
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Table 29. SUMMARY OF STACK EMISSIONS

' Total
NOX SO2 SO3 HZS particulate
Run Fuel ppm | 1b/10° Btu | ppm | 1b/10% Beu | ppm | 1b/10° Btu | ppm- [16/10° Beu | ppm | 16/10% Btu
1 | Fuel oil 53.5 Q.0851 292 - 0.6431 8.3 0.023 <0.05 0.0971
2 Fuel oil 45.7 0.0671 305 0.6191 7.9 0.0201 <0.05 0.0561
3 |Fuel oil | 0.23 | 2.6x107% 0.063
4 |Fuel oil | 0.0921
5 Bitumen 58.4 0.0791 828 1.5624 11.1. 0.0263 0.101
6 |Bitumen and ‘ 0.1046
stone feeding
- 7 Bitumen 0.1921




9 emission of 1.56 lb/lO6

. Btu (828 ppm). Two factors contributed to this elevated discharge. First,

Bitumen gasification during Run 5 produced an SO

the sulfur content of the bitumen is 50 percent higher than that of the
residual oil. Therefore, about 50 percent of the additional 502 greater
than 300 ppm can be attributed to fuel sulfur content. The second and

" more important factor was the presence of saturated limestone in the
gasifier due to gasifier-regenerator transport duct :clogging. This factor
was reflected in the regenerator off-gas which contained only 1 percent
SOZ'

on December 9, stack sampling was performed earlier in the day when the

Although fresh limestone was added to the gasifier at about 11:00 a.m.

sulfur récovery efficiently (SRE) was abnormally low.

1

Sulfur trioxide emissions, for which there are no NSPS, increased only
about 40 percent in response to stone saturation. The mechanism for SO3
formation in combustion systems is not yet established. Three pathways

have been proposed:

e Gas-phase reaction between SO2 and 0,;
‘e Catalytic oxidation on particulate Surfaces;*

® Gas-liquid reaction on water droplets.

Of the fourvspecies necessary for SO3 formation, water, oxygen and par- -
ticulate ipcreased only slightly from Run 3 to Run 5. The fact that SO3

increased by only 40 percent in the presence of an almost 300 percent in-
creasé of 302 could be taken to indicate that the rate of the reaction to

form the trioxide is less than first order in s0,.

No_

NOx emissions result from two reactions occuring within the gasifier and
the boiler:

* ~ -
In fact S04 is made commercially by passing 802 and 02 over a V205
catalyst.
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Fuel bound N + 1/2 02,: NO = Fuel-N conversion

and

Atmospheric N, + 0, : 2NO = Thermal fixation

Both reactions require a high témperature-environment. .Fuel~N conversion
procee&s at normal éombustion temperatures and is weak function of temper-
" ature.. Thermal fixation, on the other hand, is highly temperature-
dependent,6 with the rate of NO formation increésing signifiéantly above

980°C (1800°F).

In the relatively low temperature, 900°C (1650°F) environment of the
gasifier the thermal fixation reaction is very inefficient. In fact,
studies of NO/ formation in fluidized bed combustion of coalé-in which
the oxygen concentrations is in excess of stoichiometric indidate that

at this temperature almost all NO produced is formed from fuel nitrogen
conversion. Measured stack NOx emissions include not only NOx formed in -
the gasifier but also that produced in the high temperature boiler, where
thermal fixation is likely the primary source of NO,. -

The average NO, emission rate during Runs 1, 2 and 5 of 53.5 ppm is
considerably lower than the low end of the emission rate range found

for conventional oil and gas~-fired boilers.6 This measured rate is also
about one-fourth of the NSPS-for-oil-fired boilers and one-third of the
NSPS for gas—-fired boilerS.5 Furthermore, the relative invariance of the
three measurements suggests a low correlation between the NOx emission

rate and temperature, excess oxygen, bed stone history and fuel.

-

Several factors may contriQSZéiES the léﬁméﬂsoluté Nox emission rate., The
reducing atmosphere may Severely inhibit oxidation of fuel nitrogen. It
has also been suggested6 that limestone might catalytically aid in the
decomposition of NO 'or react directly with NO. The presence of nitrogen
on the surface of some of the smaller particulate (which is noted later in

the section) is consistent with this latter mechanism. It is also
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possible that reduced nitrogen species, such as NH3, formed in the gasi-
fier pass through the boiler without reacting. It is more difficult to
explain. away the apparently small amount of NO formed by thermal fixation
in the boiler. The rate of tube thermal fixation reaction is strongly
affected by boiler design and firing characteristics'which cannot easily

be EValuated.?

Two uncertainties are thus apparent. What is the fate of the fuel bound
nitrogen which is not converted to NOx? How will the rate of the thermal
fixation reaction be affected by the particular characteristics of the

boiler to be used in conjunction with the demonstration plant?

H,8
No hydrogen sulfide was detected during the first two oil gasification

runs and only a quarter of ppm was found in the third run. Thus, H_S

2
does not present a pollution problem for the CAFB.

Particulate

The primary source of particulate emissions from the CAFB is gasifier bed
stone which passes through the two internal cyclones, the knockout baffle
and the stack cyclone. The NSPS for particulate emissions from oil-fired

boilers is 0.1 1b/106 Btu. Inspection of Table 29 shows that during

oil gasificaﬁion two of the four runs produced emissions onlf a few per-
cent below the standard. The NSPS was exceeded during bitumen gasifica-
tion and combustion; the final bitumen gasification run exceeded the par-
ticulate standard by a factor of two. Two factors must be invoked to

understand the variation in and magnitude of particulate emissions:

® Cyclone efficiency

° Fresh stone feed.

As noted earlier, cyclone malfunction occured frequently during all runs.

In addition, ERCA personnel reported that the cyclones installed at the
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pilot plant were very old and were not designed specifically for the CAFB
system. ERCA estimates stack cyclone efficiency of 50 percent. The

| high emission rate from Run 7 can be attributed to an unusually high

fresh stone feed rate. This stone feed rate will be typical of CAFB
start-up procédure. Fresh stone undergoes attrition as it enters the
gasifier while being transformed from carbonate to oxide. This start~up
condition will normally occur in conjunction with gasifier combustion

(see Section II) but was employed during Run 7 to cémpensate for the
buildup of saturated stone due to the clogging of the gasifier-regenerator
stone transfe; duct. Similar stone addition occurred during pilot plant

Run 5, but particulate sampling took place earlier "in the day.

Figures;18 and 19 are bér graphs of particulate size distributions for
fuel oil and bitumen gasification, respectively. Figure 20 presents

these data in log-normal format. These distributions indicate that a sub-
stantial fraction of the particulate emissions are in the respirable range

and hence of primary concern. The large réspirable fraction is typical
of conventional cyclones and may be expected in emissions from the de-

monstration plant which will also employ cycloneé for pa;ticulate control,

It is difficult to pfedict particulate loading and size distribution for
the demonstration plant and 250 MW unit. Foster~Wheeler claims cyclone
design efficiencies of 98 percent, but extensive testing during normal
gasification and startﬁp will be necessary to establish actual efficien—
cies.' The abnormally high particulate emission rate obsérved during fresh
"stone feed at the pilot plant will have to receive speciél attention in

the demonstration program.
LABORATORY RESULTS

Three types of laboratory analyses were performed on the samples listed
in Table 20. The decisions regarding which samples to analyze by which
technique were made baséd upon: importance of information to be gained;

availability of previous analyses; cost of analysis; availability of
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additional analytical support.* Because the emphasis in the present

study 1s on boiler stack emissions, laboratory work was directed toward
characterization of the organic and inorganic chemical nature of stack
particulate and gases. Nevertheless, to extend the investigations by

ERCA and Westinghouse on the nature of spent stone, regenerator bed and
gasifier bed samples were analyzed for organic functional group and for
surface elements and compounds. Table 30 lists the types 6f analyses per-
formed on samples collected during the field trip (see also Table 20).
Bitumen sample-results and fuel oil sample results are presented separately.

below.

Bitumen Gasification

Bitumen - The organic functional group composition of bitumen was in-
vestigafed to assess the potential effects of fugitive emissions from
storage and handling (see also Section IV). As with all organic analyses
reported in this section, the liquid chromatography ~ infrared spectro-
scopy (LC/IR) technique described earlier was employed. Figures 21
through 28 are the IR spectra of the eight separable fractions. The
distribution of material among the eight fractions is listed in Table 31.
Because bitumen is entifgly ex;;actable, this distribution is effectively

a complete organic analysis of the fuel.

0f the groups tentatively identified in bitumen, POM, phenol and quinone
are of particular concern as fugitive species. No MEGS ahve been es-
tablished for POM, but in general, any amount of these carcinogenic spe-
ciés is considered dangerous. Table 32 summarizes the health effects of
several classes of organic compounds and lists their MEGS. . Phenol and
quinone emissions presenf potential problems because of their relatively
high vapor pressures at the temperature at which bitumen is handled;‘the
low MEG of quinone makes emissions of this compound particularly pernicious.

In fact, the high temperature of bitumen storage and handling dictates

* .
Through PMB/EPA Contract No. DA-6-99-H606A for ESCA analyses.
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Table 30. SAMPLE ANALYSES

Type of analysis
Sample Code |Organic | Trace element | Surface
Bitumen . "BIT
Fuel oil FOS X
Limestone LSS X
Regenerator bed stone
Run no. 4 RB8 X
Run no. 5 RB9
.Gasifier bed stone
Run no. 2 GB5
Run no. 5 GB9 X
Left-hand cyclone particulate
Run no. 2 LH5 X
Run no. 4 LH8 X
Right-hand cyclone particulate
Run no. 5 "RH9 X X
Knockout baffle particuiate |
Run no. 3 K06 X
Run no. 5 . K09 X X X
Stack cyclone particulate
Run no. 4 Sc8 X X X
Run no. 5 Sc9 X X X
Gaseous effluent
Run no. 4 GES8
Run no. 6 | GEO
Run no. 7 GE1l X
Leached stone?
. 881 X
SS83 X
8S5 X
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Table 30. (continued).

SAMPLE ANALYSIS

Type of analysis
Sample Code |Organic | Trace element | Surface
Method 5 train, filter catch
Run no. 1 X
~Run no. 2 X
Run no. 3 X
Run no. 4 X
Run no. 5 X
Run no. 6 X
Run no. 7 X
Impactor substrates
Run no. 3
Stage 1 UW6l X
Stage 2 Uwe2 X
_Stage 3 UWé63 X
Stage 4 UWo4 X
Stage 5 UW6S5. X
~ Stage 6 Uwé6 X
Stage 7 Uwe7 X
Backup filter w68 X
Impactor substrates
Run no. 5
Stage 1 w91l X
Stage 2 Uwo2 X
Stage 3 Uw93 X
Stage 4 Uw94 X
Stage 5 w95 X
Stage 6 Uwa6 X
Stage 7 uwa7 X
Backup filter Uwos X

85ee Table 21.
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Figure 21. Bitumen, LC fraction 1. Peak at 2920 em™L and peaks at
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~1450 cm~l and 1370 em~l are from CHy, CHy. Bands at
~1600 cm~l and 1690 are typical of asphaltic materials.
1690 cm~! band is from gross mixture of carbonyls whereas
1600 cm™l band is due to structures such as highly con-
densed aromatics and quinones
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gure 22. Bitumen, LC_ fraction 2. See Figure 21. Bands between
700-900 cm~!l indicate aromatic compounds (possibly POM)
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Figure 23. Bitumen, LC fraction 3. See Figure 21
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Figure 24. Bitumen, LC fraction 4. See Figure 21. This spectra
indicates asphaltic and carbonyl compounds
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Figure 25. Bitumen, LC fraction 5. Strong band at ~3400 cu 1
indicates -OH. Band between 1200-1300 cm™l suggests
this might be present as phenol
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Figure 26. Bitumen, LC fraction 6. See Figure 21. Band at
1025 cm~1 probably from SiO2 impurity
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Table 31.

DISTRIBUTION OF MATERIAL AND FUNCTION GROUPS

IN BITUMEN
Fraction | Weight, pg [Percent Functional groups
1 8,900 67;0 1. Aliphatic hydrocarbons,
asphaltenes, carbonyls,
highly condensed aromatics,
rquinones.
2 890 6.7 |2. Aromatics (possibly POM)
3 810 6.1 3.
4 350 2.6 4. Asphaltenes, carbonyls
5 280 2.1 5. Phenol
6 1,400 10.5 6.
7 210 1.6 7.
8 450 3.4 8.
Total 13,290 100
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Table 32.

HEALTH AND ECOLOGICAL EFFECTS
ORGANIC COMPOUND CLASSES

AND MEGS

OF

Generic class

Effects

Phase

Ref.

ﬁydrocurbons
Ex: Ethylene

Alcohols
Ex: Ethyl alcohol

Phenols
Ex: Phenol

Phthalate
Ex: Phthalic anhydride

Fsters and carboxylle acids
Ex: Acetlc acid

N-Heteroaromatic
Ex: Pyridine

Quinone

C=0 Containing species
Ex: Formaldehyde

Carboxylic acid salt

Ex: Acetic acid, nickel (II)

salt

Threshold effects on plants - reduced
growth, premature senescence and re-
duced flowering and fruit production.

Irritant to eyes and mucous membrane.
Repeated coatact produces dry, scaly,
and fissured dermatitis. Causes
intoxication when inhaled at

high concentrations.

Primary irritant having strong corro-
sive properties for all body tissue.

Acute poisoning mainly characterized

by central nervous tissue manifesta-

tions. Pneumonia, renal and hepatic

damage frequently follow phenol

. intoxication.

In a pure state, it is not an irri-
tant, but in contact with water, the
caustic phthalic acid is formed.
Irritation may produce conjunctivitis
contact dermatitis, atrophy of the na-
sal mucous membrane, loss of sense of
smell and hoarsness.

Bronchitis, emphysema and asthma may
oceur.

High concentration of vapor produce
conjunctivitis, dental errosion and
nasal irr{tation. On contact, glacial
acetic acid produces painful burns,
repeated contact produces fissured
dermatitis. Inhalation may lead to
bronchitis and pulmonary edema

Irritating to eyes, nose and throat.
acute exposure produces flushing of the
face and narcotic effects of nausea,
vomiting and dizzlness. tffects of
chronic exposure include headaches,
nervousness, and insomnia.

Condensation of vapor on eyes produces
conjunctivitis lacrimation, photophobia,
corneal strains, ulcerations and opaci-
ties, In animals ingestion of quinone
produces convulgionsa, respiratory diffi-
culties, hypotension and asphyxia

Irritating to conjunctivia and mucous
membranes of upper respiratory tract.
Ingestion may result in gastrointentinal
irritation. Respiratory depression and

death.

Metallic nickel and its soluble salts
are toxic to animals due more to gas-—
trointestinal irritation than to any
specific toxicity chronic inhalation of
nickel dust produce tumors. Ingestion
of nickel by animals reduces repro-
duction and growth rates,

Cas

Gas

Gas

Particulate
and
gas

Gas

Gas

- Gas

Particulace

11 ug/mJ a

6.3 mg/m’

63 ug/m3

40 ug/m3

83 ug/ml

50 ug/m3

1.3 Lix/m3

20 ug/m3

17

18

18

18

18

18

18

19
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that fugitive emission sampling for gaseous organic compounds should be
undertaken at the demonstration plant. This point is particularly im-

portant because of the variability of fuels which will be available to
the CAFB.

Flue Gas - Spectra of gaseous organic stack emissions collected during
Run 7 are shown in Figures 29 througﬁw34. Spectra not shown contain

‘no peaks other than those corresponding to aliphatic hydrocarbons (pre-
sent in all fractions) or to the ubiquitous silicon oil impurity.

Table 33 contains the distribution of material between the eight
fractions and lists species identified in each. The bulk of the gaseous
emissions is a mixture possibly containing disubstituted amide, N-hete-
roaromatics,'doubly conjugated kétones and quinone. Additional, Level 2
organic analysis will be necessary to identify this material.

Gaseous effluent was collected for 53 minutes during which time 0.56 m3
(19.7 ft3) of flue gas was pulled through the absorbent column. The
concentration of organic species (<C5) in the glue gas was therefore

31.8 mg/m3 corresponding to an emission rate of 0.7 ug/kcal or

0.022 lb/166 Btu. Using the dilution factor of 1:1000 noted in Section IV
between concentrations at the stack and on the ground, the ground level
ambient loading of gaseous organic species becomes 30 ug/m3. Comparison
of this ambient loading'with the MEGS listed in Table 32 indicates that
hydrocarbons, quinone and carbonyl compounds are potentially of concern.
Final evaluation must await the results of more sophisticated organic

analyses.

Stack Particulate - Stack cyclone material was analyzed for organic and
inorganic species because insufficient quantities of particulate were
collected on the Method 5 filters. Figures 35 through 40 are spectra

of the organic material extracted from stack cyclone particulate collected
during Run 5. Table 34 summarizes the results of this analysis. Or-
ganic material was extracted from a 1 gram particulate sample. Assuming

80 percent extraction/chromatography efficiency, and that the stack
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Figure‘29. Flue gas from bitumen gasification; Run No, 7,
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Figure 30.
: LC fraction 3. Complex spectrum suggests: (1)
disubstituted amide, (2) N-heteroaromatic, (3)
doubly conjugated ketone, or (4) quinone
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Figure 31. Flue gas from bitumen gasification, Run No. 7, LC
fraction 4. See Figure 30
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Figure 32, Flue gas from bitumen gasification, Run No. 7i LC .
fraction 5. See Figure 30. Band at 3400 cm™

suggests presence of alcohol or carboxylate
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Figure 33. Flue gas from bitumen gasification, Run No. 7, LC
‘ fraction 6. Peak at 3400 cn~l indicates carbo-
xylate group. Peak at 1640 cm~l indicates doubly
conjugated ketone. Peaks between 600-800 cm™l
indicate aromatics
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Figure 34. Flue gas from bitumen gasification, Run No. 7, LC

fraction 8. Possible traces of caiboxylic acid
salts. Band between 1000-1100 cm™* probably from
§10, impurity
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Table 33. DISTRIBUTION OF MATERIAL AND FUNCTIONAL
GROUPS IN STACK GAS EFFLUENT: RUN NO, 7
Fraction |Weight, pg | Percent Functional groups
1 1,700 9.5 Aliphatic hydrocarbons
2 60 0.3
3 1,600 9.0 Complex mixture
4 13,000 73.0 Complex mixture
5 1,100 6.2 Alcohol or carboxylate
6 250 1.4 Carboxylate, doubly
conjugated ketones, aromatics
74 0.4
32 0.2 Carboxylic acid salts
Total 17,816 100
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Figure 35. Stack cyclone material from bitumen gasificaiion,
Run No. 5, LC fraction 1. Peak at ~2920 cm — and
peaks ‘at 1450 cm~! and 1370 cm™l are from CH , CH,.
This indicates presence of aliphatic hydrocatbons?®
Peak at 1730 cm~l is from'C=0
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Figure 36. Stack cyclone material from bitumen gasification,

Run No. 5, LC fraction 2. Peaks.at ~2920 em~! and
1730 cm~l indicate presence of aliphatic esters
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Figure 37. Stack cyclone material from bitumen gasification,

Run No. 5, LC fraction 3. Peaks at 1730 cm — and
~1500 cm"i indicate presence of aliphatic carbonyl

compounds
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Figure 38. Stack cyclone material from bitumen gasification,
Run No. 5, LC fraction 4. Peak at 3400 cm™L in-
dicates -0OH; peaks between 600-800 cm~l indicate

aromatics; peak it 1730 cm™l indicates carbonyls.
Peak at 1500 cm™+ and complexity of spectrum be-

tween 1000-1300 cm~! indicates possible presence
of phthalates, phenols, or alcohols
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Figure 40. Stack cyclone material from bitumen gasification,

Run No. 5, LC fraction 6. Mixture of carbonyl and
alcohol compounds
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Table 34. . DISTRIBUTION OF EXTRACTABLE ORGANIC MATERIAL AND
FUNCTIONAL GROUPS IN STACK CYCLONE PARTICULATE:

RUN NO. 5
Fraction | Weight, ug | Percentage - Functional groups
1 70 10.7 Aliphatic hydrocarbons, carbonyl
2 14 2.1 Aliphatic esters
3 28 4.3 Aliphatic carbonyls
4 140 21.4 Aromatics, carbonyls,
phthalates, phenols, alcohols
5 230 35.2 As in fraction 4
6 66 10.1 Carbonyls, alcohols
7 16 2.4 —
8 90 13.8 —
Total 654 100
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cyclone material is representative of particulate emissions (this is
probably a poor assumptibn because substantial condensation of organic
gases on particulate occurs after the stack cyclone where the flue gas has
cooled down significantly), 654 ug of orgénic recovery corresponds to an
organic particulate loading of 0.12 mg/m3 or 7 x 10> 1b/10% Btu. This
organic emission rate, when compared with the health effects data in

Table 32 does not appear to be a potential problem.

" The stack cyclone particulate sample was also analyzed for bulk elemental
composition by the methods discussed earlier. The results of this analysis
is presented‘in Table 35. The.total particulate loading during Run 5
was 0.141 gm/m3. Multiplying the concentrations listed in Table 35
by this number yields the concentration of trace elements in the flue gas.
For all metals, the result is less than the worst case analyses emission
factor listed in Table 9.* ]

The only element whose particulate abundance is larger than the worst
case prediction is fluorine 0.06 mg/m3 versus 0.014 ﬁg/mB. Fluorine was
also found in the analysis by ERCA of stack cyclone particulate ffom a
previous pilot plant run (private communication); however in that case
the fluorine concentration was between 6 and 60 ppm (compared to 450 ppm
here). In the present case three possible explanations for ''violation"
of the worst case result can be given. Worst case analyses displayed in
Section IV were based upon analyses for fuel oil and limestone reported
in Tables 4 and 6. No trace element analysis is available for bitumen;
fluorine may be much more abundant in this fuel than in No. 6 oil.

It is also possible that ERCA's analysis of limestone is in error. Their

“analysis indicates an upper limit of 2 ppm for fluorine but also indi-

cates the presence of an interference. 1f fluorine were present at a

*

Although the values in Table 9 were calculated based upon No. 6 oil
as the fuel, trace metal concentrations in bitumen will not differ
significantly. -
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Table 35. MASS SPECTROGRAPHIC AND ATOMIC ABSORPTION SPECTROMETRIC
: ANALYSIS OF STACK CYCLONE PARTICULATE RUN NO. 5

Element? Concentration, ppmw or .percent

ca® ' 4.1 %
s 3.83
ve 1.04
S1 0.49
Na 0.43
Mg 0.32
Ni€ 0.22
Fe® 0.12
F 450 ppmw
K 340

Al 340

Cl 120

Ti . 63

VBa."4 55

Cr 51

Cu 33

Sr 32

in 30
P 21

Mn 21

Co ‘ 17

Pb 7.8

Mo 5.0

L 4.3

Ge ' 4.1

B 2.3

Br 2,2

Zr . 1.5

se 1.3
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Table 35 (continued). MASS SPECTROGRAPHIC AND ATOMIC
ABSORPTION SPECTROMETRIC ANAL~
YSIS OF STACK CYCLONE PARTICU-
LATE RUN NO. 5

.Element® Concentration, ppmw or percent
I : 1.3‘,ppm
. Rb : 1.1
Ce 0.6
Yb <0.5
Ga 0.4
. Bi : 0.4
Ta 0.4
cd 0.3
Sn 0.3
W <0.3
Hf <0.3
T 0.2
Y 0.2
La 0.2
Th.. | <0.2
Dy <0.2
Sm <0.2
Be <0.12
Nb 0.1
Nd 0.1
Pr <0.1

8Elements not listed are
<0.1 ppm, not detected.

bDetermined by wet chemistry.

c
Determined by atomic absorp-
tion spectrometry. -

dUsed as internal standard.
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level of 2 ppm the worst case analysis would still yield an upper limit~
'of also 0.025 mg/m3. Another explanation for the apparently high fluorine
content of particulate is that the fluorine concentration measured by

SSMS is artificially high due to interfering contributions to apparent
mass 19 by organic ions. Nevertheless, if the fluorine concentration
reported in Table 35 is correct, the resultant ambient loading is still

too low to be of concern (see Table 9).

In Section IV it was pointed out that vanadium, cadmium and nickel are the
only metals.whose worst case emission factors are of concern. The actual
vanadium -emission factor is 0.141 gm/m3 x 0.0104 = 1.5 mg/m3 which is

1.5 ug/m3 at ground level or 88 percent of its MEG. This is equivalent

to 3.4 percent of the vanadium content of bitumen. This finding is very
critical because the Qanadium emission factor might increase during pro-
longed operation with the stone transfer system clogged. Thus, the claim
that bed material accumulates almost 100 percent of the fuel vanadium is
somewhat misleading because particulate emissions which are representative
of bed stone contain this significant quantity of vanadium. Cadmium and
nickel emission factors are much less than their MEGS and, hence, need no

additional control.

To pursue the nature of the particulate emissions further, ESCA spectra
were taken of these stack cyclone particulates as well as of material
caught by the hi-vol filter and that deposited on eéchlstage of the im-
pactor. Figures ‘41 and 42 are broadband scans of stack cyclone (SC9) and
filter (FS9) particulate. It is apparent that both samples aré heavily
coated with carbonaceous material. This coating is the result of in-
complete combustion coupled with deposition of organic material at all
stages of the process, particularly in the cooler'sfack region. Table 36
summarizes the surface elemental abundances of these samples as well as
results of scans of each impactor substrate stage (particulate size de-
creases from UWIL to UW98). 1In addition to amalyzing surface properties,
several impactor substrate samples - were sputtered down to ~ 100 X and

rescanned. The results of these spectra are labelled "subsurface'" in
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Figure 41. Stack cyclone material from bitumen gasification, Run No. 5.
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Table 36. The subsurface scans indicate that the bulk of the carbon on
the small particulate is on or near the surface, reinforcing the hypo-
thesis that a significant portion of the organic material condenses in

the stack. (The results for the smallest particulate, UW98, are anomalous
in this regard. This may indicate that these particles are in fact mostly
carbonaceouéwmaterial, rather than attributed stone.) It is also inter-
esting to note the relatively‘high surface sulfur concentrations. Again

this could be due to condensation of sulfur oxides in the stack.

Vanadium surface and subsurface concentrations are on the order of bulk

values (see Table 35), with subsurface values appearing higher due to
removal of surface carbon. Sodium is considerably more abundant on the
surface than in bulk. Surface enrichment of sodium is well known10 and
is due to vaporization of sodium compounds in the gasifier and subsequent
condensation of these species in the cooler stack. A similar surface en-
richment pheﬂomenon has been found for vanadiumlo but is not evident from
the particuléte results. However, it will be noted later that surface
vanddium in gasifier bed material and larger particulate (that captured
by the gasifier cyclones) is less than 0.2 percent, thus indicating that

smaller particulate surfaces are preferentially enriched in vanadium.

Also included in Table 36 are the results of broadband scans of

filter particulate collected during Run 7 (FS1l). The surface abundances
on sample FS1 are almost identical to those from FS9. The similarity
between subsurface and surface abundances on FS1 differs from the results
of the impactor substrate studies but is consistent with the results of
filter particulate collected during fuel oil gasification (which

is discussed later in this section). '

To determine the compound form of vanadium the cyclone and filter sam-
ples were scanned over the birding energy range'corresponding to ejection
of the 2p electron of vanadium. These spectra are shown in Figures 43
and 44. Comparison of these spectra with standards V205 and vanadium

metal (Figures 15 and 16) indicates that a mixture of oxides presumably
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Table 36.

SURFACE AND SUBSURFACE CONCENTRATIONS OF STACK PARTICULATE
COLLECTED DURING BITUMEN GASIFICATION

Sample, Z abundance

sc9® | ps9? owor® wy2® wo3® w94t ow9s® wi9e® w972 ow98° rs1®
Element Sub- Sub- Sub~ Sub- Sub- Sub-
’ Surface | Surface Surface surface | Surface |Surface |surface |Surface |Surface | surface | Surface | Surface |surface [Sunface | surface |Surface |surface
o] 12.8 34.6 34.2 61.0 28.8 37..4 67.9 2.1 34.4 65.9 32.1 35.4 63.8 14.1 10.5 36.0. 33.1
v 1.1 2.4 0.7 1.0 0.4 0.5 0.9 0.6 0.4 0.9 0.4 0.5 1.3 0.3 1.9 2.1 1.3
N - - 3.3 - 2.7 2.3 - 3.1 2.2 - 3.2 2.7 - - - - -
Cc 80.8 49.8 52.4 31.5 60.7 50.1 26.1 56.2 55.1 28.1 55.6 52.9 30.5 82.4 83.9 48.5 51.5
Na 0.8 2.9 1.4 0.9 1.0 1.3 0.9 1.5 1.1 0.8 1.6 1.6 1.3 0.8 g.8 2.5 1.8
S 3.1 7.7 7.9 4,2 6.4 8.3 2.9 6.5 7.0 2.8 7.1 6.9 2.4 2.5 2.8 6.2 5.1
Ca 1.5 2.6 - 1.4 - - 1.2 - - vo.7 - - 0.7 - - 4.8 6.9
%Run 5.
b

Rm 7.
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VZOS,‘VZO3 and VO2 are present. From an environmental impact perspective,

additional specificity is unimportant because all three compounds are
equally toxic.ll However, the surface content of vanadium (1 to 2 per-
cent) is of particular concern in that it is reasonable to assume that
surface vanadium compounds on particles embedded in the lung will attack

tissue more readily than bulk molecules.

The other element, besides vanadium, of envitronmental interest is sulfur.
Figures 45 and 46 are scans in the sulfur 2p binding energy region. Sur-
face sulfur on the smaller particulate is all bound as sulfate whereas

in particulate captured by the cyclone roughly 75 percent is sulfate and
25 percent is sulfide. This difference is not unexpected if it is assumed
that a substantial fraction of surface sulfur is formed by reaction in

the stack between particulate cations (calcium in this case) and gas phase

sulfur dioxide‘and trioxide.

Gasifier bed, internal cyclone and knockout baffle material -~ Particulate
in these three categories were also analyzed by ESCA. Table 37 contains
the results of broadband scans of gasifier bed material (GB9) right hand
gaéifier cyclone catch (RH9) and stack knockout baffle particulate (K09).

Table 37. SURFACE CONCENTRATIONS OF GASIFIER BED,
GASIFIER CYCLONE AND KNOCKOUT BAFFLE

PARTICULATE
Sample, % surface abundance
Element | GB9 | RH9 | K09
0 47.21 46.8 | 27.6
Ca 12.9{ 11.9 | 6.1
C 38.3 ] 40.0 {63.0
1.6} 1.3 ] 3.0
Na , - - 0.2
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Comparison of columns GBY9 and RH9 indicates that material captured by

the gasifier cyclones is representative of bed material. Knockout baffle
particulate'is more appropriately compared with material captured by the
stack cyclone (SC9). The larger material from the knockout baffle has :a
somewhat smaller carbon coating, less surface1sodiuﬁ and surface vanadium
below' 0.2 percent as would be expected from the previous discussion.

These findings are similar tb.those:encountered for fuelioil gasification -

samples.

Spent Stone - Regenerator bed material, representative ‘of CAFB solid
waste, from Run 5‘was,analyzed for organic compenents, bulk e}ements

and surface elements.-and .compounds. Figures 47 .through-54 contain the
spectra of organic material ‘extfacted from bed stone. Table 38 summarizes
the spectral identification and giVés the distribution of material among
the eight chromatographic fractions. A large variety of compounds are '
present in the bed matefial;,fésghiy Qnefthird pydrocsrbons”end”two—thirds
oxygenated species. The potential environmental impact of these compounds
" will depend on the method of disposal and upon the type of predisposal
treatment. The effects of 1eaéhete“cohtaiﬁing compounds such as phenols,
aromates carbonyls and esters.would have to be determined. However, the
low abundances of most of the compounds found present coupled with pro-
per disposal does not appear to present any readily apparent deleterious

environmental effects.

 Bulk elemental analysis of bed material'(now shown) indicates that of
the major metal elements found in bitumen V, Ni'and Na have much lower
abundances in this material than in stack particulate. Only iron has
the same concentration in both samples. This finding is consistent with
the mechanisms proposed earlier for enrlchment of V and Na in small

particles.

.The bulk analysis is confirmed.by the ESCA sean showﬁ in Figure 55
which shows neither vanadium nor sodium. Thus the surface’ abundances '

of both these elements is less than 0. l percent in the bed stone.
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Figure 47. Regenerator bed material from bitumen gasification,
‘ ' Run No. 5, LC fraction 1. Peaks at 2920 cm~l and
~1370 cm‘i and 1450 cm~l are from CH

3> CH, and in-

dicate aliphatic hydrocarbons
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Figure 48. Regenerator bed material from bitumen gasification,
Run No. 5, LC fraction 2. See Figure 47
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Figure 49. Regenerator bed material from bitumen gasification,
' Run No. 5, LC fraction 3. See Figure 47. The peak
at 1730 cm™— indicates an ester, C=0
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Regenerator bed material from bitumen gasificationm,
Run No. 5, LC fraction 4. See Figure 47. Peak

at 1730 em~1 indicates the carbonyl group, C=0. Peak
at ~3400 cm~l could be from alcohol or carboxylate
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Figure 51. Regenerator bed material from bitumen gasification,
Run No. 5, LC fraction 5. See Figure 50
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Figure 52. Regenerator bed material from bitumen gasification,
Run No. 5, LC fraction 6. Peaks at 2920 cm™! are
from CH4, CH2 and the peak at 1730 em™!l is from C=0.
The peak at 850 em! and the number of bands be-
tween 1000 and 1600 em™1 suggest the presence of aro-
matic carbonyl compounds. Peak at 3400 em~ L suggests
phenol or carboxylic acids
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Run No. 5, LC fraction 7. Trace quantities of ali-
phatics and carbonyl compounds may be present
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Figure 54. Regenerator bed material from bitumen gasification,
: Run No. 5, LC fraction 8. See Figure 52
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Table 38. DISTRIBUTION OF EXTRACTABLE ORGANIC MATERIAL AND
FUNCTIONAL GROUPS IN SPENT STONE: RUN NO. 5

Fraction |[Weight, ug | Percentage Functional groups
1 330 26.9 . | Aliphatic hydrocarbons
2 64 5.2 Aliphatic hydrocarbons
3 82 : 6.7 Esters
4 110 9.0 Carboxylate
Carbonyls, alcohol
5 85 + 6.9 | As in fraction 4
6 290 23.6 Carbonyls, aromatic carbonyls,
phenol, carboxylic acid
57 4.6 | Carbonyls
8 210 | 17.1 | As in Fraction 6
Total 1,228 - 100
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Furthermore; scans of spent stone etched to a depth of - 100 i did not
show any vanadiuﬁ. Surface abundances of the four elements observed on
the surface‘are listed in Table 39. The carbon 1ls electron scan presented
~ in Figure 56 shows a substantial concentration of carbonate. This is not
~unexpected of a material subject to severely oxidizing conditions and is
consistent with the substantial carbonyl presence found in the organic

. analyses and with the finding by ERCA that regenerator bed material is

heavily carbon coated.

Table 39. SURFACE CONCENTRATIONS
OF SPENT STONE PARTI-
CLES, RUN NO. 5

Element | Abundance, %
0 18.7
74.2
Ca 5.1
S 2.0

It is also interesting to note that surface sulfur, shown in Figure 57,
is all in the form of sulfide. This is presumably a reflection of the
particular conditions of temperature, oxygen feed rate and past history
of this.stone. Later in this section it is nbted that sulfur on spent
stone collected during 0il gasification during Run 4 is evenly distribu-
ted between sulfate and sulfide. Because regenerator bed stone will
undergo further treatment before disposal or sale, the state of surface
sulfur on stone leaving the regenerator is not directly of environmental

importance.

Bitumen -Combustion/Start-Up

The'only sample available for laboratory analysis during bitumen combustion’
"~ was the Method 5 filter. Because of the small quantity of particulate

collected shxface analysis was the only techniqué employed to characterize
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this sample. Figure 58 is a broadband ESCA scan of the stack sampling

.train filter particulate. Table 40 lists the surface abundance cal-

culated from this scan.

. Table 40. SURFACE CONCENTRATIONS OF STACK PARTICULATE RUN NO. 6

Element | Abundance, 7%
0 40.4
C 49.3
Ca 8.5
Na 1.0
8 1.9

The most striking feature of this spectrum is the absence of vanadium.’

It may be noted in Tables 26 and 27 that the temperature at the stack
sampling port is almost 60°C lower in Runv6 than in Run 5. It can there-
fore be assumed that the temperature in boiler and cyclones was con-
siderably lower in Run 6. Therefore, vanadium oxide condensation on par-
ticulate surfaces occurred well before the stack and was largely covered
up by subsequent deposition of other species such as CO, reacting with
lime to form CaCO3.

Evidence for this explanation is provided in Figure 59 which shows

that a substantial portion of surface carbon (~25 percent) is in the form
of carbonate. An additional factor contributing to the relatively high
proportion of surface carbonate is increased combustion efficiency in the
CAFB undér cénditions of high excess air. Finally, Figure 60 shows

that essentially all surface particulate sulfur is bound as sulfate.

This is expeqted dnder combustion conditions because of the low probébi-

lity of calcium sulfide formation.
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Fuel 0il Gasification

Stack Particulate - Stack cyclone particles collected during Run 4 were
the only samples from fuel oil gasification analyzed for organic func-"
tional groups, bulk elemental composition and surface chemicals. In gen-
eral, the results of the analyses of samples_coilected during fuel oil

gasification are similar to those from bitumen gasification samples.

Figures 61 through 67 contain:the infrared spectra of the first seven
chromatographic fractions from the extract of stack cyclone particulate.
Table 41 summarizes the spectral identifications and presents the weight
distribution among the eight fractions. The functional groups identified
in this sample and their relative amounts are similar to that found in
stack cyclone particulate collected during bitumen gasification (see
Table 34). The total condensed organic loading 0.2 mg/m3 is the same

and thus does not appéar to represent any significant environmental hazard.

Table 42 contains the results of bulk elemental analysis of the stack
cyclone particles. These results are similar to the bitumen stack par-
ticulate anaiysis. The ratios between sulfur, vanadium and nickel in

the two sets of particulate are roughly equal to the ratios of those
elements in the two fuels. Fluorine is even more abundant in this sam-

ple than in the bitumen particulate; the hypotheses advanced in that dis-
cussion apply here as well. The subsﬁantial chlorine concentration -in
these particles is unexpected but lower than a worst case analyses pre-
diction based upon the chlorine composition in limestone. As with bitu-
men emissions, vanadium is the only element of potential concern for the

reasons suggested in that discussion.

A number of particulate samples collected during the 4 days of fuel oil
combustion were investigated using ESCA. Figure:68 is é broadban& scan
of stack cyclone particulate (SC8) from Run 4. This spectrum is similar
to that of bitumen stack cyclone material (SC9) in Figure 41. Figures 69

through 71 are detailed scans of vanadium, sulfur and carbon. Surface
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Figure 61. Stdck cyclone material from fuel oil gasificatioh,
' Run No. 4, LC fraction 1. Trace quantities of
aliphatic hydrocarbons
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Stack cyclone material from fuel oil gasification,
Run No. 4, LC fraition 2. Peak at ~2920 cm} and
peaks at 1450 cm™ and 1370 cm~l are from CH3, CHp,
while the peak at 1730 cm~l indicates the carbonyl
group C=0. This suggests the presence of aliphatic
esters. Peaks between 1100 cm~! and 1500 cm™! indi-
cate presence of other C=0 containing species
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Stack cyclone material from fuel oil gasification,

Figure 63.
Run No. 4i LC fraction 3. Peaks at ~2920 cm~l and
~1730 cm™ indicate presence of aliphatic ester
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Stack cyclone material from fuel oil gasification,
Run No. 4, LC fraction 4. Peak at ~2920 cm™l and
peaks at 1450 em~! and 1370 cm~l indicate aliphatics,

. while peak at 1730 cm™!l indicates C=0. Sample pro-
- bably contains aliphatic esters,_ketones, or aldehydes.

Broad band between 1000-1100 cm~1 probably comes from
8102 impurity
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Figure 65. Stack cyclone material from fuel oil gasification,
Run No. 4, LC fraction 5. Presence of carbonyl
compounds suggested by structure 1730 em~L '
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Figure 66. Stack cyclone material from fuel oil gasification,
Run No. 4, LC fraction 6. Peaks at ~2920 cm~!,
1450 cm‘l, and 1370 cm~l indicate aliphatic esters.
Peaks at ~3400 cm™) and between 1100-1300 cm™t
suggest presence of carboxylates or alcohols
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Figure 67. Stack cyclone material from fuel oil gasification,
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Table 41. DISTRIBUTION OF EXTRACTABLE ORGANIC MATERTAL
AND FUNCTIONAL GROUPS IN STACK CYCLONE PAR~

TICULATE: RUN NO. 4
Fraction |Weight, pg | Percentage Functional groups
1 97 11.2 Aliphatic hydrocarbons,
carbonyls, aliphatic esters,
2 210 24.1 C=0 contain species
3 28 . 3.2 Aliphatic esters,
C=0 species, aliphatic esters,
4 120 13.8 ketones, aldehydes
5 180 20.7 Carbonyls
aliphatic esters,
6 200 23.0 carboxylates, alcohols
7 35 4.0 Carbonyls
8 0 0 S
Total 100
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Table 42. MASS SPECTROGRAPHIC AND ATOMIC ABSORPTION
SPECTROMETRIC ANALYSIS OF STACK CYCLONE
PARTICULATE: RUN NO. 4

Element? Concentration, ppmw or percent

ca® .5 %
b ‘ 2.13
Ve 0.80

Mg 0.32

Si 0.21

~Cl 0.16

Fe© 0.15
F ' 0.13

Al 0.13

Ni€ | 0.10

Na - : 850 ppmw
K 340

Sr 180

Ba 150

Ti 150
P 96

Zn 80

Br 60

Mn 50

Pb 47

Cu b4

Cr 31

Mo 14
B 5.0

Co 5.0

Zr : 3.0
I 2.9

Li 2.1
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Table 42 (continued). MASS SPECTROGRAPHIC AND ATOMIC ABSORPTION
: SPECTROMETRIC ANALYSIS OF STACK CYCLONE
PARTICULATE: RUN NO. 4

Element> | Concentration, ppmw or percent
Se . 1.3ppmv -
W : 1.1
Sn - 1.0
Ce 1.0
Cd 0.8
La 0.8
Ge 0.6
Y 0.5
Rb 0.5
Yb <0.5
Ga . 0.4
Ta 0.4
Bi <0.3
Hf <0.3
Nb 0.2
Nd 0.2
Dy 0.2
Sm <0.2
Th <0.2
Be : - <0.12
Pr 0.1
T1 ' <0.1

3Flements not listed are <0.1
ppm, not detected.

bDetermined by wet chemistry.

c . .
Determined by atomic absorp-
tion spectrometry.

d ..
Used as internal standard.
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vanadium is, as was the case during bitumen gasification, present in a
mixture of oxides. Sulfur is all in the form of sulfate, reflecting the
large quantity of excess oxygen (5.3 percent) in the flue gas. The carbon
1ls spectrum is asymmetric toward the higher binding energy region reflect-
ing the high proportion of oxygenated organic species found by the organic

analysis.

Broadband scans of particulate captured by the filter in Runs 1 to

4 were also taken. Figures 72 and 73 are broadband surface and subsur-
face spectra of filter particulate collected during Run 4. Spectra of
samples from Runs 1 to 3 are not shown but are summarized in Table 43.
Surface and subsurface elemental compositions in Runs 1, 2 and 4 are
remafkably similar. The filter catch in Run 3 has a substantially larger
carbon abundance which, in fact, increases slightly from the surface to

a depth of -~ 100 Z. This anomalous behavior does not correlate to any
other emission properties measured during Run 3.

Table 44 lists the elemental abundances found on particulate collected by
the impactor. As was the case with bitumen samples, impactor particuldte
is more heavily carbon coated than particulate collected on the hi-vol
sampling train filter., This may be merely a reflection of the heavier
carbon coating on the pure aluminum substrates than on the filter material
(see Figures 13 and 14), since impactor substrate coverage is light. The
appearance of silicon on several of the substrates is most likely due to
- left over silicon grease from early impactor runs. The most surprising
observations are the lack of any detectable vanadium, even on the sub-
surface scans and the relatively small quantities of sulfur and sodium.
Taken together, these reéults suggest that substantial deposition of car-

bonaceous material occurs in the impactor as the flue gas cools

Spent Stone - The only analyses of regenerator bed material are the sur-
face spectra shown in Figures 74 through 76. Relative surface element
abundances listed in Table 45 are identical to those found in bitumen

spent stone. The carbonate/organic carbon ratios are also the same. The
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Table 43. SURFACE AND SUBSURFACE CONCENTRATIONS OF STACK PARTICULATE

COLLECTED DURING FUEL OIL GASIFICATION: RUNS 1 TO 4
Sample, % abundance
scg? Fs8? Fs6” Fs5 rs4
, Sub- Sub- Sub- Sub-
Element | Surface | Surface | surface | Surface | surface| Surface | surface | Surface | surface
0 22.2 39.8 38.9 19.3 12.4 43.2 47.7 41.1 44.5
v 0.4 1.7 1.6 0.9 0.8 1.6 1.2 0.6 0;3
Ca 2.9 4.7 8.5 0.8 1.8 6.1 9.9 5.3 10f4
C 68.0 43.3 42.3 70.8 79.8 37.2 30.2 40.5 36.6
Na 1.0 3.3 2.5 2.1 1.6 3.1 3.9 2.5 l.6'
S 5.4 7.2 6.2 4.5 3.6 8.9 8.2 8.3 4.5
F - - - 0.8 - - - 1.7 1.2
cL - - - - - - 0] - 0.9
N - - - 0.9 - - - - -
®Run 4.
bRun 3.
“Run 2.
dRﬁn 1.



Table 44. SURFACE AND SUBSURFACE CONCENTRATIONS OF PARTICULATE COLLECTED ON IMPACTOR

91

SUBSTRATES: RUN NO. 4
Sample, % abundance
w6l w62 UWw63 w64 w65 uwe6 w67 uwes
_ Sub- Sub- )
Element | Surface | Surface |Surface |surface | Surface | Surface | Surface | surface | Surface |Surface
0 22.4 20.5 25.2 70.4 24.8 22.7 33.9 39.2 25;9 10.8
Ca - - 0.6 1.7 0.3 - - - - -
c 72.6 75.8 69.3 24.0 70.2 73.7 60.8 58.6 69.1 85.4
Na 0.8 0.4 0.9 0.9 0.9 0.6 0.9 0.7 0.2 1.2
S 1.6 1.4 1.6 2.2 1.1 1.1 2.1 1.5 1.1 2.1
N 1.5 - 1.3 - 1.9 0.9 1.8 - 1.3 -
F - - 0.3 - - - 0.5 - - -
Si 1.1 1.9 0.7 -~ - 1.0 - - 1.3 -
ce - - - 0.8 1.0 - - - 0.6 -
v - - - - - - - - - 0.4
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only difference between the two spent stone samples is that surface sul-
fur here is distributed evenly between sulfate and sulfide. As noted

earlier, this distinction is of modest environmental interest.

Table 45. SURFACE CONCENTRATIONS OF
SPENT STONE PARTICLES:
RUN NO. 4
Element | Abundance, 7%
19.8
73.4
Ca 5.2
S 1.6

' Leached Stone

The three leached stone samples collected from the outdoor buckets were
analyzed by ESCA for surface and subsurface elements. Results of these

analyses are presented in Table 46.

Table 46, SURFACE AND SUBSURFACE ELEMENTAL COMPOSITIONS OF
LEACHED STONE SAMPLES
Sample, % abundance
Ss1 SS3 Ss5
Sub- Sub- Sub-
Element | Surface | surface | Surface | surface | Surface | surface
0 52.8 55.8 52.4 59.0 53.8 63.1
Ca 12.0 15.1 12.3 18.3 13.3 20.6
c 33.2 26.2 33.3 21.3 31.0 15.1
S 1.8 1.6 1.9 1.4 1.9 1.3
Si - - - - - 1.3
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Comparison of these results with the analyses of spent stone in Tables 39
and 45 shows that these samples have a much lower carbon coating and an
equivalent surface concentration of sulfur. Because sintered, but unleached
stone was not available for analysis, effects of leaching and sintering

cannot be sepaiately evaluated.

SUMMARY

Boiler stack gas and stack particulate emissions and solid waste efflu-
ents from fuel oil gasification, bitumen gasification and bitumen com-

bustion were sampled and analyzed. The following points summarize the

results of environmental interest.

° Stack NOy emissions are consistently much lower than
New Source Performance Standards (NSPS).

o Under normal operating conditions SOy emissions are
lower than NSPS.

e Saturated gasifier stone causes SO, emissions to exceed
NSPS.

e Under normal operating conditions particulate emissions
are just barely lower than NSPS.

e During fresh stone feeding particulate emissions exceed
NSPS.

e Vanadium is the only trace element whose emission rate
presents a potential problem.

° Stack gas and particulate organic emission rates do not
present a potential problem.

e TFugitive air emissions from bitumen storage and handling
may contain POM.
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SECTION VI

CAFB AIR QUALITY IMPACT ASSESSMENT
FOR THE LA PALMA RETROFIT

INTRODUCTION

Iﬁ a compréhensive environmental assessment the next step after compiling
the emissions inventory is to calculate the incremental loadings to the
local ambient air, water and soil resulting from the output of all pro-
cess waste streams. These incremental loadings should then be compared
with known human health and ecological effects data in order to assess
the environmental acceptability of the process. A complete environmental
impact evaluation of this sort is well beyond the scope of this prelimi-

nary study.

‘Rather than being an attempt at a full superficial environmental impact
analysis,vthis'Section presents a discussion of meteorological and topo-
- graphical charactefistics bf an area which influence the transport of
pollutants emitted from a point source. Special emphasis is placed upon

the most significant parameters for the La Palma Power Station. This
general review of dispersion characteristics in the vicinity of the plant
is followéd by a detailed diffusion modeling analysis of the expected S0,
and particulate levels after the installation of the CAFB. Finally, the
results of this analysis are compared with Texas emission and ambient air

standards.
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VARIABLES AFFECTING AMBIENT CONCENTRATIONS

Emission Characteristics

There are a number of point source emission characteristics which affect
the subsequent transport for a given pollutant. These include the stack
height, stack diameter, gas exit velocity and gas temperature. These
parameters, together with the ambient temperature and stability index,-
are used in the calculation of buoyant plume rise, which is responsible
for a greater degree of plume dilution due to an increased effective
stack height. A greater source height will also ensure a lesser degree
of plume depletion due to dry deposition upon the ground surface. It is
sometimes necessary to study the relationship of each source to nearby
structures in the area due to their influence in the processes of plume

rise retardation or downwash.

Another emission characteristic of interest would be the time variation
of the emission rate over a daily, weekly or seasonal period. TFor exam-
ple, if a given sector of the population is sensitive to short term
episodes of elevated concentrations, then an hourly distribution of emis-
sion rates would be.of interest, whereas the long term effects of wet

and dry deposition of pollutants in the vicinity of a source would re-

quire only average annual emission values.

Topographical Characteristics

The general nature of the landscape will exert a significant influence
upon the atmospheric transport of pollutants. The channeling of atmos-
pheric pollutants by topographical features such as ridges and valleys
is a well known phenomenon. Areas situated near a lake or ocean will in
general experience a lower dilution of pollutants due to the resulting

higher atmospheric stability when the wind blows across the land from the
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cooler body of water. Areas having a greater elevation than the base of
a stack will usually be exposed to greater pollutant concentrations.
Since the area surrounding the La Palma plant is characterized by rather
flat terrain, the pollutant transport process is not likely to depend

upon topography.

Climatological Characteristics

For the Lower Rio Grande Valley of Texas, the most significant climato-
logical characteristics in terms of transport and diffusion are Fhe pre-
vailing wind direction and the amount of solar insolation. Figure 77
illustrates the frequency distributions of surface wind direction for a
number of weatﬁer stations in ‘the U.S. The annual "wind rose" for Brdwns—
ville, Texas, the closest station to the La Palma facility, shows that

for the.most part the winds are confined to the east-southeast, southeast
and south-southeast directions. The few occasions when northwest winds
are present are confined exclusively to the winter months. The strong
southeasterly flow off the Gulf of Mexico is driven by high pressure off
the southeastern coast and the northeast gulf and is reinforced by a sea-
breeze which develops during the late morning. The fact that the wind is
predominantly from the southeast quadrant will lead to elevated concen-
trations northwest of the plant for averaging times greater than 1 hour.
The solar radiation incident at the surface of the earth is another
parameter required for the analysis of concentrétion levels due to point
source emissions. The‘annual mean daily solar radiation (Langleys) is
given in Figure 78 for a mnumber of weather stafions throughouf the country.
The value of 442 Langleys reported for Brownsville would argue for a higher
frequency of unstable atmosﬁheric conditions than for stations in the
northeastern part of the country. As indicated later in this Section
(Figures 84 through 89), these unstable conditions will lead to higher
concentrations for receptors located near the plant and reduced levels at

greater distances from the source.

176



LLT

-

SURFACE WIND ROSES, ANNUAL | A // m
¥ i ‘; g L——’l — \. \ / ,'\,“;,\ I\

Fian i S P ———- e -w-;v;ﬁ(gt GLTA RS o i B ) :

: ] %\ \ . 4 { \ %

n
FARGO" o \ W ~,
R ] \ "\ "
LW \\. k . i
v d

L ~

4

|
|

o el ) g
< "SHREVEZORT

Alasra

jou'| [ ™
I
jE
N
-ty I/.'b%_
s
-t 8
=3

WIXD ROSES SHOY PERCENTAGE

' OF TIME WIND GLEW FROM THE — )
° 3
-\L 16 COMI'ASS FOINTS OR ¥AS CALM. 1‘-'. N
i * INDICATES LESS THAN 0.5% CAL¥ :
5" 25 HOURLY PERCENTAGES 25 & L . i
p PUCIIO 0KO amD wirC m JLanpt arar mawntes Fis ! !‘
- : PR e )b
s ! CALN | ‘ el == e

et 3 - o = - - -- - v

Figure 77. Annual surface wind ro‘ses1



8LT

oy

g

R s N
:

sl 7——_MEAN DAILY SOLAR RADIATION (Langleys), ANNUAL— |
: 3 7/—3 ' , i : — ’ \

:
!
=

t o=
il I 7 avaswa
' PR
~ i

Figure 78. Annual mean daily solar radiationl



As indicated by the modeling analysis (see below), the predicted con-
centrations will be quite sensitive to windspeed because this parameter
is used in the determination of plume rise, stability class and the
amount of plume dilution. On an annual basis, however, the surface
windspeed will average about 5.4 m/s (12 miles per hour) (see Figure 79)

which is only slightly greater than the average for the entire country.

The remaining two climatological variables which will affect pollutant
dispersion in the vicinity of the La Palma site are the mixing depth and
the ambient temperature. The mixing depth may be roughly defined as the
atmospheric boundary layer near the earth's surface in which the turbulent
diffusion mechanisms predominate. 1In response to daytime heating of the
land surféce, the depth of this layer may exceed 1 or 2 kilometers, but
will be ¢onsiderably reduced during nighttime hours. The top of this
layer, marked by a discontinuity in the temperature profile, acts as a
barrier to the vertical migration of material released within the layer.
The mixing height data presented in Figures 80 and 81 indicate that the
La Palma site is characterized by lower afternoon mixing depths and greater
morning mixing depths than the country as a whole. The actual manner in
which these mixing depths enter into the dispersion calculations is ex-
plained in the modeling analysis section. The relatively high ambient
temperature for the La Palma site (annual average, 23% (74°F)) will re-
sult in a slightly reduced plume rise as compared with areas in the north-
ern half of the U.S., but this effect would mean only a few percent change

in the annual concentration.

DISPERSION MODELING ANALYSIS

Description of Modeling Techniques
This section addresses the quantitative evaluation of short-term SOZ'

and suspended particulate (TSP) levels in the vicinity of the La Palma

facility for the CAFB configuration. 1In the case of 505, worst 1-hour
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predicted concentrations can be extrapolated to highest 3-hour and
24-hour averages through the application of peak to mean ratio statis-
tics derived from an analysis of air quality data collected in the
vicinity of isolated point sources. Highest 24-hour averages for TSP
can be determined in the same manner. The expression used for evalua-

tion of l-hour pollutant concentrations downwind of a point source is

the Gaussian plume equation™’ given by
2
Q exp| —5— 2
( ) 20y2(x) (z—h(x))2 (z+h(x))
X(X,y,2)= exp —— |+ exp{~ ———— (1)
S 2w oy(x)-qz(x) u 2022 (x) 2022'(x)
where X = distance along plume axis (m)

y = horizontal distance from plume axis (m)
z = distance above surface (m)
X(x,y,2) = concentration of pollutant (g/m3)_

Q = effective emission rate of pollutant distance x
(g/sec)

UY(x), oz(x) horizontal and vertical dispersion coefficients for
a particular atmospheric stability (A,B,C,D,E,F)
u = windspeed at source height (m/sec)

h(x) = effective emission height at distance x (m).

The Qariation of ¢ and oz,with x for each of the six stability classifi-
cations (A to F) has been determined from a number of experiments3 based
upon low level releases of tracer material and do not strictly apply to
elevated sources or for downwind distances greater than about 5 km. The
usual procedure, however, is to assume that these results are approxi-~
mately true for greater source heights and that they may be extrapolated
to longer distances. The choice of a given stability will depend upon

windspeed, cloud cover and sun elevation. The basis for the selection
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is given in Table 47. The variation of cy and o, with distance is shown
in Figures 82 and 83. The second exponential term in brackets on the
right side of Equation (1) is an "image" point source contribution which
is required to meet the zero flux boundary condition at the ground sur-
face (z = 0). The effective source strength Qi(x) will be different than
the strength Qi(Q) at the point of emission due to wet deposition, dry
fallout, and chemical transformation. The effective stack height h(x)
will be greater than the actual 'stack height h, due to the buoyancy of the
plume.5 The expression for h(x) for stabilities A through D is given by

h(x) = h_ + Ah (2)

1/3 u-l x2/3 for x = 3.5x*

2/3

where Ah = 1.6F

- * *
= 1673 vl 3.5x)%/ for x > 3.5%

>
=
I

X = 14F5/8 when F < 55 m/"/sec3

X = 34F2/5'when F 2 55 m4/sec3

.g = gravitational acceleration (m/secz)
w = stack gas ejection velocity (m/sec)
r = radius of stack (m)

T = stack gas temperature (°K)

T = air temperature (°K).
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Table 47. RELATION OF PASQUILL STABILITY CLASSES

TO WEATHER CONDITIONS

Day Night
Surface wind Incoming solar radiation | Thinly overcast
speed (at 10 m), or < 3/8
m sec” Strong | Moderate | Slight [ > 4/8 low cloud| cloud
< 2 ' A A-B B

2-3 A-B B C E F

3-5 B-C C D E

5-6 C-D D D D

> 6 D C D D

The neutral class, D, should be assumed for overcast conditions

during day or night.

A - Extremely unstable D - Neutral
B - Moderately unstable E - Slightly stable

C - Slightly unstable

Pasquill stability classes

, extremely unstable

moderately unstable

-

slightly unstable

neutral

, slightly stable

o oH O O W >

moderately stable

25.0°

20.0°

15.0°
10.0°
5.0°
2.5°
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For stability classes E and F the plume rise becomes

g \1/3 S
Ah = 2.9 (u—s) (3)
_ - g 48
where s 3z
e
de o 1
Frg 0.02 "K/m for stability E

dae 0.035 °K/m for stability F

The windspeed (u) at source height (ho) may be related to the windspeed
(um) measured at a standard distance (hm) above ground level according to

the following power law:7

P
" = um(%—) (4)

m
where the exponent p depends upon the stability class.
The presence of the mixing boundary may be accounted for by the incorpora-

tion of multiple image sources as was done to satisfy the zero flux con-

dition at ground level. Equation (1) may then be generalized to give7
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2
Q exp .__y‘__..)

2
: 2 o (%) 2
™ oy X) o, X) 2 o, (x)
. n
2 2
+ exp |- (z + g(x)) + § :‘ exp | - (z - h(x% - 2jL)
2 0 “(x) 2 0 “(x)
z z
i=1
(z + h(x) 2'L)2 (z - h(x) + 2'L)2
+ exp - z : x2 J + exp [- > ]
2 o “(x) 2 0_"(x)
z z
(z + h(x) + 2jL)>
+ exp |- 25 T2 (5)
2 g “(x)
z
where L = depth of the mixing layer (m)
n = number of images considered

In practice, only the first few image terms contribute significantly to
the overall ambient concentration. For distances greater than 2 X

where X is given by o, (xL) = 1.6L, Equation (5) may be approximated by

2
0 e (-5
2 oy (x)
X, (x,y,2) = X >2x (6)
1 Y21 o (x) ul L

This discussion of diffusion modeling techniques has so far neglected
the aerodynamic effects caused by buildings adjacent to the stack. Low

exit velocities and the presence of nearby buildings may result in a
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reduction of plume rise due to the low pressure in the wake of the stack
or building. In certain cases the plume may actually be brought to the
ground a short distance downwind of the stack. Effective stack height
corrections due to these effects have been estimated by Briggs.8 The

first correction in stack height is due to the stack aerodynamic effect.

h”=h+2 (w/u-1.5)D (7)
where h = actual stack height (m)
w = stack gas exit velocity (m/sec)
u = windspeed (m/sec)
D = stack diameter (m)
C) < 1.5
u —

The next stack height correction will depend upon building height (hb)

and is given by one of the following three expressions:

Case 1.

h" = h” if h > 2.5 hy ' (8)
Case 2.

h" =0 if h” < 1.5 hb + (9)
Case 3.

h" = 2h* - 2.5 h.  if 1.5 h

b b < h” < 2.5 hb (10)

The standard plume rise correction due to buoyancy effects is then applied

to cases 1 and 3. For case 2 no buoyancy term is added, but an initial

, . . 2 .
dilution volume of cross-sectional area hb is assumed.
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Model Calculations

The following model input parameters will be used for air quality pre-

dictions at the La Palma plant:

[

Q (source strength): SOZ’ TSP = 17 g/sec, 2.0 g/sec

r (stack radius at outlet) =1,14m

w (stack gas exit velocity) = 6.55 m/sec
Ts (stack gas temperature) = 455°K

T (ambient temperature) = 297°K

h (stack height) = 38.7 m

hb (building height) = 15.5m

L (mixing height) = 1300 m.

Figures 84 through 89 display hourly plume centerline 802 concentra-
tions calculated by use of Equation (1) and the input parameters listed
above. Concentration predictions are developed for a wide range of at-
mospheric stabilities and windspeeds. The results indicate that maximum
1-hour concentrations would be approximately 100 ug/m3 and that maximum
l-hour particulate levels would be a factor of 8 lower. Because concen-
tratioﬁs for longer averége times will be lower than the l-hour values,
these results indicate that both the federal and state ambient air qual-
ity standards will be met (see Tables 48 and 49).

These input data can also be used to determine whether plume rise retar-
dation or downwash is likely to be significant at La Palma. According
to Equation (7), the greatest stack height reduction due to plume rise
retardation will be 6.8 m. Therefore, complete downwash is not possible
according to the restriction given by Equation (9). Partial downwash is

possible, however, according to Equation (10). Evaluating Equations (7)
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Table 48.

NATIONAL AMBIENT AIR QUALITY STANDARDS

Primary standards

Secondary standards

NO2

Pollutant Measurement classification ug/m3 a ppmb mg/m3 ¢ ug/m3 a ppmb mg/m3 ¢
Suspended Annual geometric mean 75 - - 60 - -
-particulates maximum 24-hour average, 1/yr 260 - - 150 - -
Sulfur oxides Annual arithmetic mean 80 0.03 - - 0.02 -
measured as 802 maximum 24-hour average, l/yr 365 0.14 - 260 0.10 -

maximum 3-hour average, 1l/yr - - - 1300 0.50 -
Carbon monoxide, | Maximum 8-hour average, 1l/yr - 9 10 - 9 10
co maximum l-hour average, 1/yr - 35 40 - 35 40
Photochemical Maximum l-hour average, 1l/yr | 160 0.08 - 160 0.08 -
oxidants .
Hydrocarbons Maximum 3-hour average, 6-9 am, 1l/yr | 160 0.24 - 160 0.24 -
Nitrogen dioxide,| Annual arithmetic mean 100 0.05 - 100 0.05 -

a . .
Micrograms per cubic meter.

bParts per million (T = 25°C, P = 760 mmHg).

CMilligrams per cubic meter.



and (10) using the model input data, the following expression for the
source height which incorporates both plume rise retardation and down-

wash results:

= 24,97 +

=
i

59;74 for u > 4.37 m/sec

It

h" 38.65 for u < 4.37 m/sec.

Table 49. TEXAS AMBIENT PARTICULATE STANDARDS

Concentration Maximum
averaging concentrations,
time : ug/m3
5 hours 100
3 hours 200
1 hour . 400

After incorporating the above plume rise retardation effects, and repeat-
ing the calculation of plume centerline concentrations for stabilities
1 and 2, it was found that the maximum l-hour concentrations are not sig-

nificantly increased (see Figures 90 and 91).

Texas emission standards9 for particulates are given in terms of fhe
effluent flow rate according to Table 50. The flow rate at the La Palma
facility is approximately 57,000 acfm with an associafed particulate emis-
sion rate of 15 1b/hr, a configuration which falls well within the limits
set forth in Table 50. Since the unit at La Palma will only have a heat
input‘of 210 million Btu per hour, it does not fall under the following

regulation for oil~ or gas-fired steam generators:

105.32 No person may cause, suffer, allow or permit
emissions of particulate matter from any oil or gas
fuel fired steam generator with a heat input greater
than 2500 million Btu per hour to exceed 0.1 1b. per
million Btu heat input maximum 2-hour average.
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Table 50. ALLOWABLE PARTICULATE EMISSION RATES
FOR SPECIFIC FLOW RATES

Effluent flow rate, ‘Rate of emission,

acfm 1b/hr
1,000 3.5
2,000 .3
4,000 8.2
6,000 10.6
8,000 12.6
10,000 14.5
20,000 22.3
40,000 34.2
60,000 44.0
80,000 52.6
100,000 60.4
200,000 92.9
400,000 143.0
600,000 184.0
800,000 219.4
1,000,000 252.0

.For a coal-~fired power plant the following regulation applies for ﬁar—
ticulate emissions:

105.31 No person may cause, suffer, allow, or permit

emissions of particulate matter from any solid fossil

fuel fired steam generator to exceed 0.3 lbs. per mil-
lion Btu heat input maximum 2-hour average.

For the La Palma plant, this translates into an allowable emission rate
of 63 1b/hr which is well in excess of the projected value of 15 1b/hr.
The Texas SO, emission regulation for liquid fuel-fired steam generators

2
‘states that SO2 flue gas concentrations may not exceed 440 ppm. This
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condition will be met for La Palma since the SOz-flue gas concentration
will be about 290 ppm. The regulation for coal-fired plants states that
SO2 emissions shall not exceed 3.0 pounds per million Btu heat input.
For the La Palma plant this translates into an allowable emission rate

for SO2 of 627 1b/hr which is well above the projected rate of 135 1b/hr.

203



REFERENCES

1.

Climatic Atlas of the United States. U.S. Department of Commerce.
Environmental Science Service Administration. Environmental Data

" Service, June 1968.

Holzworth, G.C. Mixing Heights, Wind Speeds, and Potential for
Urban. Air Pollution Throughout the Contiguous United States.
Office of Air Programs Publication No. AP-101. Environmental
Protection Agency. Office of Air Programs. Research Triangle
Park, North Carolina, January 1972,

Gifford, F.A., Jr. An Outline of Theories of Diffusion in the Lower
Layers of the Atmosphere. Chapter 3, Meteorology and Atomic Energy
1968 (D. Slade, ed.). United States Atomic Energy Commission,
Report No. USAEC-TID-24190, 1968.

Pasquill, F. Atmospheric Diffusion. London, D. Van Nostrand
Company, Ltd, 1962,

Briggs, G.A. Plume Rise. AEC Critical Review Series. United
States Atomic Energy Commission. Report No. TID-25075, 1969.

Turner, D.B. Workbook of Atmospheric Dispersion Estimates. U.S.
Department of Health, Education and Welfare, Consumer Protection and
Environmental Health Service, National Air Pollution Control Ad-
ministration, Cincinnati, Ohio. Public Health Service Publication
Number 999-AP-26, Revised 1969.

Busse, A.D. and J.R. Zimmerman. User's Guide for the Climatological
Dispersion Model. U.S. Environmental Protection Agency, Raleigh,
North Carolina. Publication No. EPA R-4-73-024, December 1973,
Briggs, G.A. Diffusion Estimation for Small Emissions. U.S.
Department of Commerce, No. AA-ERL-ARATDL. Contribution No. 79.

Oak Ridge, Tennessee, May 1973.

Environment Reporter. Texas Clean Air Act.

204



APPENDIX A

PROCESS DESCRIPTION AND EMISSIONS ESTIMATES
FOR THE COAL-FIRED CAFB

This section discusses the differences in process operation and emissions
associated with the coal-fired CAFB alternative advanced by Foster-Wheeler.
Both the 10 MW demonstration plant and 250 MW unit are considered. Operat-
ing conditiohs and emissions will be similar to.oil-firing but additional
unit operations such as coal crushing and drying and additional problems

of ash handling and increased particulate emissions must be considered.
PROCESS DESCRIPTION: 10 MW DEMONSTRATION PLANT

The plant is designed to operate in the same manner as described for 0il-
firing in Section III. The process flow diagram given in Figure 3
applies to coal-firing as well. Table A-1 is a listing of the mass flow

rates associated with coal-firing of the 10 MW demonstration plant.

Coal will be removed from the coal pile and transported to two storage
bunkers by a vibrating conveyor. Coal will be withdrawn from the storage
bunkers and sent to a crusher to produce a size gradation of 100 percent

< 1/2 inch, 88 percent < 1/4 inch, and 18 percent < 30 mesh. Crushed coal
will be transferred into a 6-hour intermediate storage silo and withdra&n
in two separate streams by gravimetric. feeders. The coal will be trans-
ﬁorted to vibrating tables which are pressurized with flue gés recirculated
from the boiler. The solid fuel will then feed into the gasifier through
24 3-inch diameter coal needles, with 12 need}esAon each side of the

gasifier chamber.1
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Table A-1., MASS FLOW RATES FOR FW 10 MW COAL-FIRED

CAFB DEMONSTRATION PLANT

Mass flow rate, | Temperature
Process stream kg/s - (b/hr) | ©C (°F)
1. Limestone to gasifier 0.29 (2,300)
2. Product gas from gasifier 8.05 (63,800)
3. Gasifier to regenerator stone transfer |7.94 (63,000)
4, Regenerator to gasifier stone transfer 7.54 (59,800)
5. Flue gas to pulsed solid transfer lines
6. Regenerator off-gas (total) 0.99 (7,820)
502
CO2
N2
7. Water or steam injection
8. Regenerator off-gas after cyclone and
cooling
9. Coal to RESOX™ reactor 0.09 (730)
10, Hot solids from RESOXIM reactor 0.03 (260)
11. Waste solids from RESOXTM quench 0.03 (260)
vessel
12, Hot air to RESOXTM reactor
13. Influent gas to RESOX™ reactor
14. Elemental sulfur from RESOXTM
15, Return steam |
16. Water to sulfur condenser
17. RESOXTM tail gas 1.00 (7,900)
18, Condensed liquid sulfur 0.05 (390)
19, Fugitive dust from coal handling
system
20, Air to start up heater
21, Air to start up heater
22. Air to RESOX™ reactor
23, Cooling water for RESOX solid waste
24, Steam from quench vessel
25, Regenerator spent solids 0.11 (880)
26. Regenerator off-gas cycloned solids
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Table A-1 (continued), MASS FLOW RATES FOR FW 10 MW COAL-FIRED

CAFB DEMONSTRATION PLANT

. ‘ Mass flow rate,
Process stream kg/s  (lb/hr)

Temperature

oC

(°F)

27.
28.
29.
30.
31.

32,
33.
34,
35,

36.
37.
38.
39.

40,

41,
42,
43,
b4,
45,

~ Boiller stack emissions

Qil to gasifier

Air to spent solids cooler
Cooled solids

Cooler exhaust to cyclone
Cooled solids to storage

Air emissions from spent solids
cooler

Cycloned solids to storage
Solids to storage
Solid waste from storage silo

Air emissions from solids storage
silo

Air to gasifier and regenerator

Flue gas recycled from stack

Flue gas to coal distributing

conveyor
Influent gas to gasifier (total) 5.75 . (45,600)
Air 4,07 (32,300)
Flue gas 0.68 (5,400)
Tail gas 1.00 (7,900)
Air to regenerator 0.69 . (5,500)
Coal to distributing conveyor 2,41 (19,100)
Coal to gasifier 2,41 (19,100)

Fugitive limestone handling
emissions
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The remainder of the system including regenerator, RESOXTM, solids handling,
and limestone feed is identical to that described for oil-firing in Sec-

tion III.

EMISSIONS ESTIMATES: 10 MW DEMONSTRATION PLANT

Differences between emissions from coal-firing and oil-firing include air
and water emissions from coal handling, an increase in solid waste from ash
production, and a potential increase in particulate emissions from the

stack.

Emissions from Coal Handling

Coal handling air emissions will emanate from the coal stérage pile, coal
conveyors and feeders, coal crushers, and coal dryers. Coal drying is not
intended for the demonstration plant but is included in the 250 MW proposal

and will be discussed in that subsection.

Air emissions from coal storage depend upon wind -speed, coal pile surface
area, degree of containment, coal density, and the prevailing precipitation-
evaporation index. The.Midwest Research Institute2 has estimated a partic-
ulate emission factor of 0.018 g/kg (0.0036 1b/ton) which includes 105sesA
from coal storage, handling and feeding. Based on an average coal usage
rate of 2.4 kg/s (19,000 1b/hr), the particulate emission from coal storage,
handling an& feeding will be equal to 4.3 x 10-3 g/s (0.034 1b/hr).

~ Air emissions from coal crushing vary depending on whether the operation is
wet or dry and on the type of containment and control practices. There is
very limited data available for the prediction of particulate emissions.

An uncontrolled emission factor of 0.25 g/kg (0.5 lb/ton) is adapted from
estimates for crushing of rock.3 Coal has different fracturing charac-
teristics than rock but this is the only reasonable estimate of emissions
available. Application'of this factor results in a particulate emission
rate of 0.6 g/s (4.8 1b/hr) from the crushing of coal.
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cyclones

Table A-2. MASS FLOW RATES FOR FW 250 MW COAL-FIRED
CAFB DESIGN
Mass flow rate, | Temperature
Process stream? kg/s  (1b/hr) oC (°F)
1. Coal from storage to dryer 28,73 (227,800)
2. Exhaust from dryer to cyclone 0.29 (2,280)
3. Exhaust from cyclone to scrubber 0.09 (680)
4, Air emissions from scrubber 0.01 (70)
5, Solids collected by cyclone 0.20 (1,600)
6. Coal from dryer to crusher
7. Fugitive dust emissions from crusher
8. Coal from crusher
9., Coal to coal:limestone blenders 28.73 (227,800)
10, Limestone from storage to dryer
11, Off-gas frbm limestone dryer to
baghouse
12. Air emissions from baghouse
13. Solids collected by baghouse
14, Limestone to crusher
15. Fugitive dust emission from lime-
stone crusher
16, Limestone from crusher
17. Limestone to gasifier modules 3.91  (31,000)
22, Limestone and coal from blenders
23. Limestone and coal from vibrating
feeders to gasifier modules
24, Product gas to quad cyclone 104.4  (827,500)
25, Product gas to boiler 104.4  (827,500)
26, Solids returned from quad cyclone
27. Gasifier to'regenerator stone
transfer 110.5 (876,000)
28. ‘Regenerator to gasifier stone 107.4 (851,500)
transfer , ‘
29. Regenerator off-gas to twin- 12.80 (101,500)




Table A-2 (continued), MASS FLOW RATES FOR FW 250 MW COAL-FIRED
CAFB DESIGN

a Mass flow rate, |Temperature
Process stream kg/s (lb/hr) [°C (°F)

56, Exhaust from solids cooler to cyclone

57. Cycloned solids cooler exhaust to
stack

58, Cycloned solids cooler exhaust to
coal and limestone dryers

59. Cycloned solids to storage

60, Solids to storage

6l. Exhaust from storage to vent filters
62, Air emissions from vent filters

63. Solids from vent filters' to storage
64, Solid waste from storage

65. Flue gas from boiler to stack

66, Air emissions from stack

67. Flue gas recycled to gasifier 8.92 (70,700)
70. Air to gasifier 52.93 (419,700)
71. Air to regenerator 11.04  (87,550)

72, Liquid waste from coal dryer scrubber 0.63 (5,000)

8process streams 18 to 21, 68, and 69 are applicable to oil firing and are
presented in Section III.
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EMISSIONS ESTIMATES: 250 MW CAFB

Emissions from Coal Handling

Air emissions associated with coal handling include storage pile emissions,

conveying and feeding emissions, and crushing and drying emissions.

The particulate emission factor for coal piles is taken as 0.0018 g/kg
(0.0036 1b/ton) as noted earlier in conjunction with the 10 MW demonstra-
" tion plant. Two piles will be maintained to provide 33 days of storage.
At a coal feed rate of 28.7 kg/s (2730 tons/day), the yearly particulate
emission from coal storage, handling and feeding will be 0.052 g/s

. (3600 1b/hr).

The particulate emission rate for coal crushing is estimated to be 0.25 g/kg
(0.5 1bs/ton) of coal processed. At a coal feed rate of 28.7 kg/s (2730 tons
day), the particulate emission from coal crushing at the 250 MW plant will

be 7.2 g/s (250 tons/yr).

Air emissions from coal drying are higher than those produced at other
pointé in the coal processing cycle. Table A-3 presents estimates of un-

controlled emissions from three types of coal dryers.

Table A-3. EMISSION FACTORS FOR

COAL DRYING
Uncontrolled
Type of dryer emissions,2 1b/ton
Fluidized bed ' 20
Flash 16
Multilowered 25

%The following collection efficiencies are
applicable for control with cyclones:

Cyclone collection efficiency  70%

Multicyclones 85%

Cyclone and wet scrubber 99-99.97%
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Exhaust from the coal dryer proposed for the 250 MW installation will pass
through a cyclone and scrubber. Therefore, particulate emissions from the
drying units can be expected to be on the order of 0.1 g/kg (0.2 1b/ton)
of coal processed. This amounts to 2.9 g/s (100 tons/yr) based on a

coal feed rate of 28.7 kg/s (2730 tbns/day).

A 33-day coal storage requirementmis anticipated for the 250 MW plant. Based
on an assumed storage pile height of 4.5 m (15 ft) and a yearly precipitatién
of 0.5 m (20 in), the total runoff from coal storage is approximately
. 5700 m3/yr (1,500,000 gallons/yr). The dissolved solid concentrations given
in Table 10 will be applicable for the 250 MW proposal.

Other Emissions

Particulate air emissions resulting from RESOXTM coal storage will be
approximately 2.19 mg/s (1.7 x 10"2 1b/hr), based on an emission factor

of 1.77 pg/kg~yr (0.0036 lb/ton-yr). Emissions from limestone handling
will amount to 4.65 g/s (36.9 1b/hr), based on a total particulate emission
rate of 1.19 g/kg (2.38 1b/ton). The comments made in the previous section
regarding stack particulate emissions from the demonstration plant pertains

to the 250 MW unit as well.

Water emissions from the RESOXTM coal storage pile are expected to be the
same as calculated for oil-firing of the 250 MW commercial unit and
amounts to 212 m> (7500 £t3).

Solid Waste

Coal-fuel operation of the CAFB will result in a larger solid waste output
than will oil-fuel operation. This additional material will be'produced
as bottom ash mixed with spent regenerator stone and as effluents from
scrubbers and cyclones used in the coal feed system. The discussion pre-
sented below of the environmental impact associated with disposal of this
solid waste is based upon the substantial amount of work which has been
done on the envirommental effects of disposal of solid waste from fluidized

bed combustion of coal and from flue gas desulfurization.
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Spent solids extracted from the regenerator will have high sulfide and
sulfate content. Three predisposal treatment methods are presently being
developed, including oxidation and sintering, mixing of stone with coal
ash and hot pressing, and wet slurrying. These processes are discussed

in some detail in Section IV.

After preliminary treatment of spent stone or ash, three options exist
for subsequent handling. The material can be used as landfill, discharged
to a holding pond, or recycled. In the first two instances, it is important

to assess potential air and water pollutant emissions.

Air emissions will be a problem mainly with landfilling and not with solids
discharge to water. In the case of coal ash, it is estimated that wind
erosion particulate losses from ash disposal sites will amount to 1 1lb/ton
of ash discarded. Typical chemical compositions of coal ash are given in
Table A-4.4 Trace elements which may be combined with the ash are listed

in Table A-S.4

Air emissions from land disposal of spent sorbent stone will consist of
particulate matter and gaseous sulfur compounds. The two hazardous com-
pounds of concern are calcium sulfide and calcium sulfate. Sulfide reacts
with moisture in the air to form HZS which is subsequently oxidized to SOZ.
The water environment can be adversely affected regardless of whether spent
stone and ash is landfilled or discharged to some type of settling basin.
Pollutants are discharged to groundwater and surface waters from landfills
by leaching. BCURA5 and Pope, Evans and Robbins6 have investigated the
properties of the leachate obtained from a fly ash-stone effluent, BCURA
found that, although Ca0, MgO and CO3 contents of the leachate varied, all

their samples showed common features:

e High pH (10.5 to 11.6)
e High or complete extraction of sulfate

e Negligible extraction of magnesium
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Table A-4.: POWER PLANT COAL ASH COMPOSITIONS4

Constituent % by weight

Silica (5102) 30-50

Alumina (A1203) 20-30

Ferric Oxide (Fe203) 10-30

Lime (CaO) 1.5-4.7
Potassium Oxide (KZO) 1.0-3.0
Magnesia (MgO) , 0.5-1.1
Sodium Oxide (Na20) 0.4-1.5
Titanium Dioxide (TiOz) 0.4-1.3
Sulfur Trioxide (SO3) 0.2-3.2
Carbon (C) and volatiles 1.0-4.0
Boron (B) 0.1-0.6
Phosphorus (P) 0.01-0.3
Uranium (U) and Thorium (Th) 0.0-0.1

Table A-5. SELECTED TRACE ELEMENTS IN ASH (ppm)4

Element Fly ash® " Bottom ash®
Arsenic 15 .3
Mercury 0.03 ) <0.01
Antimony 2.1 0.26
Selenium 18 1
Cadmium <0.5 <0.5
Zinc 70 25
Manganese 150 150
Boron 300 70
Barium 5000 1500
Beryllium 3 <2
Nickel 70 4 ’ 15
Chromium 150 70
Lead ‘ 30 20
Vanadium 150 70

#Actual trace element composition will vary
widely depending on boiler type and coal
composition. :
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Thei_s7 in a study on the potential trace metal contamination of water
through fly ash disposal has made the following assertions. At the normal
pH range of natural waters, the hydroxide of some metals (Hg, Pb, Cu, Cr,
Cd, Zn) controls their solubility. At elevated pH, carbonate may control
solubility. 1In general, trace metals display drastically decreased
solubilities with increasing pH. 1In the pH range 7 to 8.5, only Zn and

Cd could be considered soluble. Arsenic is generally very soluble.

Theis presented the relationship ﬁétween solubility and pH. Manlpck5

has also studied leachate solubility-pH relationships.

The elements of major concern are therefore limited to As, Se, V, and
Cd. However, since complexes may form which would increase the
solubility of the metals, Pb and Hg, at least, may also be of concern in
leachates. Theis found for example that additioﬁ of EDTA of his ash

samples increased the solubility of all elements but mercury.

Rossof and R.ossi6 have investigated possibly toxic elements in scrubber
sludges. Although the composition of a scrubber sludge is different than
that of the spent stone from a regenerator or overhead from the combustor,
in general, the same elements are present and should be affected by pH

and ionic species present in a similar manner.

The studies done by BCURA and PER with partially sulfated lime (bed mate-
rial) have shown that the leachate is highly alkaline. Since metal solu-
bility increases with decreasing pH, however, leaching occurring in an
acidic environment will result in higher trace element concentrations.
Thus, it is unlikely that the spent stone or overhead will produce an
acidic leachate. 1Increased solubility may, however, occur by means of
complex formation. No data were availablé on complex formation in the

leachate from either spent stone or bed material.

Pollutant emissions to the ambient water environment also occur when ash

or spent stone is discharged to a settling basin. The overflow from the
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basin contains a finite percentage of éuspended and dissolved solids
influent to the basin. It has been estimated that the total suspended
solids concentration of ash pond overflow from electric utility power

plants averages approximately 100 ng/l.8

When coal ash is added to water an immediate reduction in pH and dissolved
oxygen occurs.9 A study by R.ohrman10 indicates that nitrogen and phos-
phorus are detectable in ash holding basins in dissolved form at a level

of 0.1 to 1.0 ng/l. Approximately five times as much phosphorué may be
present in suspended form. These nutrients will enhance plant and bacterial
growth in the settling pond and may have an effect on ambient water after

overflow.

The addition of spent stone to water results in contamination with calcium
and magnesium oxide, calcium sulfide, sulfate and carbonate, and‘magnesium

sulfite. This may result in the production of heat, formation of H_S,

2
and flotation of agglomerated nonsettleable solids.
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APPENDIX B

COMPARISON OF THE CAFB WITH OTHER RESIDUAL
OIL UTILIZATION TECHNIQUES

INTRODUCTION

Three alternatives are available for the combustion of high. sulfur residual

oil in an environmentally acceptable manner:

° In-situ desulfurization
o Precombustion desulfurization 6f feedstock

e Flue gas desulfurization (FGD).

The CAFB process is the only potentially viable in-situ technique identified
by GCA. A number of flue gas desulfurization schemes presently exist which
are applicable to both coal-fired and oil-fired boilers. Residual oil
desulfurization techniques produce a variety of solid, liquid and gaseous
fuels. Of the many desulfurization options, only three are competitive
with the CAFB in their ability to handle high metal as well as high sulfur

. content feedstocks.

The alternative processes are examined in some depth in this and the
following two appendices. This appendix is a general overview of
“desulfurization technology and describes associated unit operations
required for sulfur recovery. Flue gas desulfurization (FGD) is pre-
sented and existing systems are identified. The final subsections of
this appendix compares the environmental impacts of hydrodesulfurization
and FGD. Appendix C provides process descriptions and flow charts of

potentially viable and currently used individual residual oil
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desulfurization techniques. Appendix D contains a summary and comparison

of the economics associated with all desulfurization options.

RESIDUAL DESULFURIZATION

Present technology has allowed the refiner to produce low sulfur solid,
liquid and gaseous fuels from high sulfur feedstocks. For example:

coking produces solid, liquid and gaseous fuels; hydrodesulfurization
(HDS) produces a liquid fuel; and a procedure called partial oxidation
produces a low Btu gas. Although the specific reaction steps vary, most
‘feedstock desulfurization techniques are based on the reaction of hydrogen
with o1l in the presence of a catalyst, as is shown in the general

reaction,

[fuel sulfur] + H2 Efffifo, HZS + [clean fuel]

HZS is evolved in the desulfurization process. Consequently, residual
desulfurization is a two step process: (1) desulfurization of the resid-

ual oil with the resulting formation of H,S; and (2) the disposal or

2
recovery of the H,S process stream in an environmentally acceptable manner.
Yy ) y P

The metals content of the feed is the most significant variable influencing
processing cost and desulfurization efficiency. High molecular-weight
organometallic compounds of vanadium and nickel are found in most crude-oil
residues. Under the reaction conditions necessary for desulfurizationm,
some of these complex molecules decompose resulting in the deposition of
vanadium and nickel on the surface of the desulfurization catalyst. Over
months of continuous operation, metal accumulation causes a reduction in
catalytic desulfurization activity. High metals'feedstock (metals in ex-
cess of 150 to 200 ppm) will, in most cases, require some form of feed

demetalization.
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In general, residual oils of low to moderate metals content (Ni plus V
content less than 100 ppm) and sulfur content as high as 6 percent can be
directly desulfurized to yield heavy oil products containing as little as
0.5 wt percent sulfur. For higher metal contént feeds and lower sulfur
product fuel oil levels, modified techniques, such as Flexicoking or

demetalization/desulfurization, will be required.

In addition to the CAFB only three systems.(L.C. Fining, demetalization/
desulfurization and Flexicoking in conjunction with a HDS unit) have been
designed to effectively handle high metal content feedstocks. L.C. Fining
and demetalization/desulfurization are both hydrodesulfurization techniques.
The Flexicoking process is an extension of the fluid coking process. Pro-
cess descriptions and flow diagrams of all three processes are found in
Appendix C. Other systems are capable of desulfurizing high metal feeds,
but at a higher operating cost. Process descriptions of these systems

are also presented in Appendix C. The feed to the CAFB will consist of
high sulfur and high metal resid, thus this section will compare the CAFB

only with those systems capable of handling a similar feed. Economic and

‘process data for all 16 desulfurization techniques considered are presented

in Appendix C.

§QS Removal

Because feedstock desulfurization generates H,S as a process stream, it

2
is necessary to dispose of or convert this gas to a useful product. The

most commonly practiced method is the conversion of H,S to elemental sulfur

2
3
by means of a Claus Plant. A flow diagram of a typical two stage Claus

sulfur plant is shown in Figure B-1.
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Figure B-1. Typical two-stage Claus sulfur plant

The most common method of concentrating and collecting HZS involves

washing the product gas with a water solution containing an amine. The
rich solution is then steam stripped, driving off the HZS’ and regenerating
the absorbing solution. A typical composition of the gas taken from an

amine regenerator is:

H,S 80 - 93%

2
co, 2 - 10%
HC 0.5 - 2%
H,0 vapor 5 - 10%

The HZS present in the gas may then be converted to elemental sulfur by

the following reaction scheme:

—
HZS + 02 802 + H2 (thermal combustion)

_~ .
2 HZS + SO2 ——38+2 H,0 (thermal and catalytic)

————
(overall) 3 HZS + 02 2 H20 +3 8 + H2
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The overall efficiency of a Claus plant is 90 to 97 percent? Maximum

sulfur conversion in a Claus plant is limited because:

e The Claus reaction is reversible and is limited by
chemical equilibrium;

® A very significant portion (25 percent) of the sulfur

passes through the system in relatively unreduced
form - carbonyl sulfide and carbon disulfide,

Claus Tail Gas Cleanup - The tail gas from a typical sulfur plant contains

about one-third water vapor, 5 to 15 percent COZ’ 2 to 4 percent sulfur com-
pounds (HZS’ SOZ’ 5
tration in the tail gas is 10,000 to 30,000 ppm. In order to produce a

COS and CSz), and the balance nitrogen. The SO, concen-
stack gas with less than 250 ppm SO2 content, the overall sulfur plant
must be at least 99.9 percent efficient. This efficiency is not possible
with present technology unless a tail gas cleanup plant is also used.
Several systems are available for tail gas cleanup: the Beavon Sulfur
Removal Process, the Cleanair Sulfur Process, and the IFP process. The
investment and operating costs for the Beavon and Cleanair Process are
approximately equal to the original cost of the sulfur removal plant. The
IFP process is approximately one half the cost of the original sulfur
plant but is not as efficient as the first two (99.0 percent versus 99.9

percent).

Beavon Sulfur Removal Process - The Beavon Sulfur Removal Process, de-
veloped by Ralph M. Parsons Company and Union 0il Company of California,
is capable of limiting SO2 emissions to 40 to 80 ppm depending on the

" efficiency of the preceding Claus Plant. In this process the Claus plant
tail gas is mixed with hot combustion gas produced by burning fuel gas
with air. The résulting reducing mixture is passed through a catalytic
reactor similar to that in a Claus plant. The sulfur is hydrogenated to
HZS on a cobalt/molybdate catalyst. Water is condensed from the gas in

a heat exchanger. The cooled gas stream is passed to a Stretford section
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in which HZS is removed from the gas and converted to elemental sulfur.
The cost of this system is approximately equal to the original cost of

the Claus plant.

Stretford Process — The Stretford Process consists of a gas washing system
wherein the gas is contacted countercurrently with an alkaline washing
solution (sodium carbonate). Hydrogen sulfide is removed from the gas
stream and is oxidized to elemental sulfur. The sulfur is formed as a
finely dispersed solid in the circulating solution. The reduced solution
is then oxidized by air blowing which simultaneously removes the sulfur

by froth flotation., The oxidized solution is returned to the gas wash
system to repeat the cycle. The sulfur slurry is fed to an autqclave
where heat is applied to dry and melt the sulfur. Liquid sulfur of

greater than 99.5 percent purity is obtained.

Cleanair Sulfur Process — The Cleanair Sulfur Process developed by
J.F. Pritchard and Co. and Texas Gulf Sulfur Co. is capable of producing

a gas effluent containing less than 250 ppm of SO This system is com=-

5
posed of three process stages, two of which are proprietory and are not

fully explained in the literature:

e Stage 1 converts essentially all of the S02 to elemental
sulfur with some additional conversion of H2S to elemental
sulfur;

e Stage 2, which is the Stretford process (the same process
used in the Beavon process) converts the remaining HZS to
elemental sulfur;

'@ Stage 3 is an important step in controlling COS and CS
emissions from the Claus tail gas. Concentrations of
these two compounds are reduced to less than 250 ppm
equivalent S02. Carbon disulfide and carbonyl sulfide
are the prime precursors of high SO, concentrations in
Claus tail gas treating systems. :

The cost of this system is similar to the Beavon process and is approx-

imately equal to the original cost of the Claus plant.
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IFP Process -~ The third Claus tail gas treatment process is the Institute
Francais du Petrole (IFP) system. Claus tail gas at about 127°C (260°F)

is injected into the lower section of a packed tower, where a solvent
containing catalyst is circulated countercurrently, resulting in maximum
liquid-gas contact. Product sulfur accumulates at the bottom of the

tower and is continuously removed. Some solvent is lost by evapora-

tion through the top of the column and therefore must be replaced. Cata-
lyst 1is also pumped to the tower to maintain a constant concentration.

Due to this system's inability to handle COS and CSZ’ emissions are approx-
imately 1500 ppm SOZ; however, the original investment is only one-half

of that required for the Beavon or Cleanair Sulfur Process.

Flue Gas Desulfurization

Numerous processes have been proposed for flue gas desulfurization (FGD).
However, only the six systems 6ut1ined in Table B-1 have gained acceptance
in the United States. Three more systems are in the prototype stage of
development; the Foster Wheeler-Bergbon Forsching process, the Thorough- |

bred 101 process and the Shell Flue Gas Desulfurization process.

Most FGD systems now in use are operating on coal-fired boilers, Only
two plants, the City of Key West, Stock Island Plant and the Boston

Edison Mystic 6‘P1ant (see Table B-2) use FGD on oil-fired boilers. The
Stock Island Plant has had considerable difficulty during operation neces-
sitating extensive downtime. The Mystic 6 Plant is the only full size
system (a demonstration plant) using magnesia wet-scrubbing on an oil-

fired utility generating unit.
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8CC

SUMMARY DESCRIPTION OF FLUE GAS DESULFURIZATION PROCESSES4

Table B-1.
Classification/ S0; particulate
Process operating principles efficiency Development status [Application Implementation Advantages Disadvantages
Lime/limestone [Throwaway process/ |Up to 90 percent |Most studied but 01d but pre-  |An additional Cheapest of Technical reliability doubt-
scrubbing - vet absorption in S07 removal/99 reliability ques- ferably new 40 to 60 units existing pro- |ful; waste and water pollu-

Double alkali
process

Magnesium oxide
scrubbing

scrubber by slurry;
insoluble sulfites
and sulfates dis-

posed of as waste.

Throwaway process/
wet absorption in
scrubber; reac-
tants and reaction
products soluble;
reaction products
precipitated and
removed from re-
cycled reactant
solution outside
of scrubber; most
common reactant
sodium sulfite.

Regenerative pro-
tess/wet absorp-

tion by magnesium
oxide slurry; fly

.fash removed prior

ta or after scrub-
bing; magnesium
oxide regenerated
by calcining with
carbon; S0 by-
product can be
converted to sul-
furic acid or
sulfur.

percent fly ash
removal by most
scrubbers.

High efficiency
> 90 percent S07
removal/high par-
ticulate removal.

90 percent SOy
removal/particu-
late removal as
required by
prescrubber,

tionable due prim—
arily to scaling;
16 full scale

units in operation

or planned for
start-up by 1977.

Active area but no
full scale demon-
stration as yet;
G.M. installed a
unit on a coal~
fired boiler in
February 1974;
several sulfate
removal schemes
under study.

One full scaled
unit on test at
Boston Edison
150 MW oil-fired
unit.

power plants;
coal- or oil-
fired.

As above with
potentially
lower cost
and greater
ease of oper-
ation favor-
ing some in-
roads into
smaller
plants.

Similar to
lime /lime-
stone but
oil-fired
boilers will
not require
particulate
control up-
stream of
scrubber.

forecast for
installation by
1977; forecast
appears optimis-
tic; 4 to 5 years
lead time needed
for new plants;

3 years for re-
trofit of old
plants.

Research—-Cottrell
estimates $600
million a year
market by 1979;

a second genera-
tion lime/
limestone system;
lead times as
above for power
plants.

o known plans for
immediate imple-
mentation; lead
times as for lime/
limestone systems.

cesses; elim-~
ination of
particulate
control re-
quirement.

Potentially
cheaper, sim-
pler and more
reliable than
1ime/limestone
systen.

May be more
reliable than
lime/limestone
process; no
known waste
disposal prob-
lems; regen~
eration facil-
ity need not
be located at
utilicy.

tion problems; reheat of
scrubber exit gases needed;-
supply and handling of large
volumes of reactant may be
problems.

Similar to above and all
throwaway systems.

Cost of regeneration;
marketing of sulfur
products; reheat.
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Table B-1 (continued). SUMMARY DESCRIPTION OF FLUE GAS DESULFURIZATION PROCESSES

4

Classification/ S0 particulate
Process operating principles|. efficiency Development status |Application Implementation Advantages Disadvantages
Wellman-Lord Regenerative pro- > 90 percent S0, {Reliably operated |As above. As above. More reliable [Some bleed of solution
cess/sodium base removal particu- | (> 9000 hours) in than lime/ to remove undesirable
scrubbing with late removal by |Japan. Full scale limestone sys-|reaction products a
sulfite to pro- prescrubber. demonstration tem based on source of water pollu-
duce bisulfite; scheduled at North- Japanese ex— tion, otherwise as above.
regeneration in ern Indiana Public perience; sim-
an evaporative Service coal-fired plicity of
crystallizer; 115 MW boiler; unit opera-
sulfate formed sulfate removal tions in re-
either purged vital to success. generator;
or removed by waste dis-
selective crys- posal prob-
tallization. lems reduced.
Citrate system Regenerative pro- > 95 percent 50, |New development As above. As above. High effici- Marketing of sulfur;
cess/flue gas removal/particu- {by Bureau of Mines; ency; econo- reheat.
washed to re- late removal as now testing 1000 nic; no inter-
move particles required. cfm pilot plant; mediate SOj
and $03, cooled also 2000 cfm unit regeneration;
and absorbed in in Terre Haute, high reliabil-
godium citrate- Indiana. High ity; poten-
citric acid potential. tially most
solution in attractive of
packed tower; viable pro= _
solution then cesses.
reacted with
hydrogen sul-
fide to form
sulfur.
Catalytic Regenerative 85 to 90 per- Two-year test New plants, As above. Relatively Expensive; poor quality sul-
oxidation process/cata- cent SO; recov~ [period on 15 MW oil or coal. simple and furic acid; poor reliability

lytic oxida-
tion by V205 at
850 to 900°F to-
convert SO, to
S04 followed by
condensation to
form 70 to 80
percent Hy504.
Variation of con-
tact process ap-
plied to dilute
gases.

ery/high parti~
culate effici-
ency needed to
avoid plugging

"{and fouling of

catalyst.

boiler; also test
on 100 MW boiler
of Illinois Power
Company; relia-
bility not demon-
strated.

known tech-
nology; min-—
imal mechan-
ical opera-
tions; no
relevant re-
heat require-
ments.

with appreciable downtime;
extra ducting to avoid prob-
lems associated with ESP fail-
ures and high temperature
gases.




ENVIRONMENTAL IMPACTS OF DESULFURIZATION TECHNIQUES

Environmental Impacts of FGD

The environmental impacts of five flue gas desulfurization techniques are

discussed below.5 These techniques are:

. Limestone slurry scrubbing;
. Lime slurry scrubbing;

1

2

3. Magnesia slurry scrubbing;

4. Sodium solution - SOZ reduction;
5

. Catalytic oxidation

Emissions and effluent data are based on a 500 MW power plant. The fuel

is coal containing 3.5 percent sulfur witﬁ the FGD system assumed to have

a 90 percent efficiency. Coal is used in this comparison instead of resid-
val oil because it is the only fuel with sufficient environmental data for
FGD. The solid waste and particulate matter generated when firing residual
0il will be less than for coal firing. Table B-3 lists the pollutants which

are incompletely converted or generated as byproducts from each system.5

Table B-3. FGD ENVIRONMENTAL IMPACT® TONS/YR®

Water
Particulate SOZ Nox Solid waste soluble
Limestone slurry 1,280 1,921 448 156,444 -
scrubbing
Lime slurry 4,276 1,847 431 156,442 -
scrubbing
Magnesia slurry 1,968 | 2,884 673 386 110,400°
(HZSOA)
Sodium solution 3,077 4,225 11,089 35,002 1,300
scrubbing
502 reduction (32,700-su1fur)b (NaZSOQ)b
Catalytic oxidation 96 144 34 55 109,900
b
(HZSOQ)

aCapacity 500 MW; fuel, coal; 802 removal, 90%; sulfur in fuel 3.5%.

bSalable by=-product,

231



Limestone Slurry Process — A considerable quantity of CaSO3/CaSO4 solid

waste is genérated approaching as much as 4 times the weight of the sulfur
removed. Wastes discharged to settling ponds are reported to have poor
settling properties and may lead to difficulty when reclaimnng the land for
future use. Potential runoff from the ponding site could lead to addi-

tional water pollution problems.

°

Lime Slurry Process — Characteristics and problems associated with the

lime slurry process are similar in nature to the limestone slurry process.
The only difference is that an additional 3000 tons of particulates are
produced from the production of lime, which may, however, be generated

offsite.

Magnesia Slurry Process — This process is also similar to the two preced-

ing FGD methods with the exception that the by-products (MgSO3/MgSO4) are
regenerated, thus eliminating the large quantities of solid waste. The
regeneration step requires additional process water and fuel thus producing

additional emissions.

Sodium Solution Process — Although this process is considered to be a

regenerative process, a great amount of NaZSO4 by-product is produced.
This process requires a large amount of steam and water resulting in the

largest quantity of airborne pollutants among the five processes.

Catalytic Oxidation Process - This process is the cleanest and least

energy intensive of all five processes with no by-products generated

other than marketable sulfuric acid.

The only recent data for the environmental impacts of a residual oil-fired
boiler using a FGD system is the Boston Edison Mystic 6 Station.1 This
demonstration plant is for a 150 MW magnesia-wet scrubbing system. The
design of the facility is based on firing 2.5 percent sulfur fuel. Spent

material is sent to an off-site MgO regeneration plant capable of producing



50 tons per day of sulfuric acid. The system is able to recover 91.7 per-

cent of the inlet SO2 and can control particulate emissions by 57 percent.

Sources of emissioné from this demonstration plant include:
~ MgO losses (total average loss of 0.37 tons/day over
13 day test program)
e Stack
e Centrifuge washing
e Centrifuge case leaks
] Pump packing gland leaks
e Absorber overflow
e MgO slurry tank blow-down
e MgO slurry tank overflow
e Centrate tank overflow
® Solids loss at dryer feed end
. Dust losses at dryer I.D. fan
e Dust loss at expansion joints
e Spillage at MgO feeder
e Spillage at MgSO3 belt galley
e Spillage at truck loading point

- Waste water
° Process water

e Cooling water

~  Solids buildup in regenerated MgO
e Vanadium
e Nickel
e Ash

Environmental Impacts of Residual HDS

Possible environmental problem areas from HDS are:

e Catalyst disposal (including vanadium and nickel deposits)
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Vanadium, nickel and other trace constituents
in desulfurized fuel

Various waste water streams

Claus and tail gas cleanup emissions

'NHS from amine scrubber

Catalyst disposal from Claus and tail gas cleanup process

.COS emissions

CS2 emissions
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APPENDIX C

PROCESS DESCRIPTIONS AND FLOW DIAGRAMS OF RESIDUAL
OIL DESULFURIZATION TECHNIQUES

FLEXICOKING 1~*

Flexicoking is the advanéed EXXON fluid coking process with coke gasifica-
tion. It produces very low sulfur fuel oil blendstocks (0.4 wt percent)
from a wide range of residuum feeds. About 99 percent of a typical vacuum
residuum is converted to liquid and gaseous fuel products and about 95 per-
cent of the total sulfur in the residuum feed is removed and recovered as
elemental sulfur., The remaining 1 percent feed is then converted into a
low-sulfur coke purge containing the bulk of the metals contained in the
feed. Approximately 50 percent of the combined nitrogen in the feed is
converted to N,.

2

Process Description

The flow diagram of a Flexicoker unit is shown in Figure C-1. Vacuum
residuum is cracked at 482 to 538°C (900 to 1000°F) and about 1.7 bar

(10 psig) in a fluidized coke bed, yielding a wide range of gaseous and
liquid products plus coke. Vapor products leave the reactor and are
‘quenched in a scrubber where entrained coke is removed and a heavy recycle
feed is condensed. The final hydrocarbon products are then separated in

a conventional fractionator.

In the Flexicoking proéess, coke from the conventional coker reactor
circulates through the heater vessel and gasifier where the coke is gasified

by steam and air or oxygen. The heat required for the residuum cracking
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reaction is suppiiéd By the sensible heat removed from the gasifier product
gas and the hot solids stream circulating between the gasifier and heater.
The hot product gas is then cooled in a waste heat boiler, scrubbed to
remove fines and desulfurized. The fines are a metals-rich residue,
containing 99 pefcent of the metals in the feed, and are thus a potentially
valuable by-product for sale to the metallurgical industry.

S in

About 20 to 25 percent of the total feed sulfur is liberated as H2

the reactor and appears in the off gas. Essentially all of the HZS is
removed from this gas by amine scrubbing. Over 90 percent of the sulfur
present in the liquid products, amounting to 40 to 45 percent of the total
sulfur in the feed, is removed by hydrotreating. The remaining 30 to

40 percent of the feed sulfur is concentrated in the reactor coke.

In the heater/gasifier the majority of coke-sulfur is gasified with the
coke. About 97 perceht of the coke-gas sulfur will be present as HZS
which can be removed by commercially available processes (e.g., a Claus
plant). The total sulfur content of the resulting fuel gas can easily
be reduced to about 250 ppm, which is equivalent to a 0.3 wt percent

sulfur fuel oil, The remainder of the coke sulfur, less than 1 percent

of the feed sulfur will be found in the solids purge (see Figure C-2).

Stage of Development

Exxon Research and Engineering Company has recently operated the world's
first Flexicoker. It is rated at 750 bbl/day and converts vacuum residue
and tar materials into liquid and gaseous products. Although it is not
of commercial séale, it is larger than a conventional pilot-plant. As

of March 1975 the unit had been operated for approximately 6 months. The
first commercial Flexicoker, rated at 22,000 bbl/sd is under construction
at Toa 0il Company's Kawashi refinery in Japan. It is due for start-up
the first quarter of 1976.
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Economics
The economics of the Flexicoking process are presented in Table C-1.

Table C-1. ECONOMICS OF FLEXICOKING PROCESS

Investment, battery limit onsite, (Basié: Direct
material and labor 2nd quarter 1973 U.S.

Gulf Coast), $ per bpsd capacity 650-8002
Typical requirements, units/bbl, feed: (140-180)
Steam export, (600 psig), 1lb _ (140-180)
Steam required, (150 psig), 1b 50-70
Electricity, kwh 14-18
Water, cooling, gal A 8.10
Water, boiler feed, gal ? 20-30
Alr, scf 12-16

aUpdated economic data are presented in Appendix D.

GULF Hps-*>~8

The Gulf Hydrodesulfurization (HDS) process can upgrade high sulfur at-
mospheric residuum to low sulfur fuel oil, to minor amounts of low

sulfur naphtha, and to middle distillate. Several different crudes
"have been charged to commercial units either individually or as mixtures.
A listing of these crudes is presented in Table C-2. The Gulf HDS process
offers the flexibility of producing a wide range of low sulfur products
(0.1 to 1.0 wt percent) depending upon the number of catalytic reactors
installed in the system. A one reactor system (Type II) using Kuwait

53 percent reduced crude can produce a product with 1 percent sulfur, a
two reactor system (Type III) can produce a 0.3 percent product and a

_three reactor system (Type IV) can produce a product with 0.1 percent sulfur
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Table C-2. REDUCED CRUDES TO HDS UNITS

Crudes charged (separately or in mixtures) to commercial units:

Kuwait Iranian Heavy (20%)
Murban Sumatra

"Nigerian Arabian Light
Forcados

Additional possible crudes that could be charged include:

West Texas Kirkuk

Arabian Medium Ratawi .
Arabian Heavy Khafji

Safaniya Iranian Light

Zubair ' Rostam

Darius ' Alaskan

Process Description

A process diagram of the Gulf HDS Unit is shown in Figure C-3. The second
and third reactors are present depending on the percent sulfur desired

in the final product. The reactor charge consists of fresh filtered feed
from a desalted crude, recycle gas and makeup hydrogen. This mixture

is heated to 343 to 454°C (650 to 850°F) prior to entering the reactor.
Hydrogen rich gas from the reactor is flashed into a high presuure separator.
The separator gas is purified prior to being recycled back to the reactor.
The liquid bottoms from the high pressure separator pass through a low

pressure separator to remove H S and fuel gas. The remainder enters a

2
fractionator for the separation of naphtha, middle distillate and fuel

oil.
Economics

Economic data shown in Table C-3 are based on Kuwait 53 percent reduced

crude.
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Figure C-3. The Gulf HDS process - Type IV process uses three
reactors whereas Type II uses only the first and
Type III uses the first two'

Table C-3. ECONOMICS OF GULF HDS
Type unit II II1 111 v
% Feed sulfur 1.0| 0.5 0.3 0.1
Typical requirementsa
(Basis: 50,000 bpsd)
Unit cost, U.S. Gulf Coast, $ MM 21 27 32
Hydrogen consumption, scf/bbl 515 740 900
feed
Utilities, average
Power .shaft, kW 12,300 16,500 17,500
Steam, 50 psig, M 1lb/hr 67 75 81
Fuel, MM Btu/hr 140 190 190
Water, cooling, 20 F rise, gpm | 5,200 6,200 6,200
Condensate, gpm 50 65 65

%Cost estimates as published May 1973 — updated economic data are

presented in Appendix D.
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Stage of Development

The development of the Gulf HDS process is presented in Table C-4.

Table C-4. DEVELOPMENT OF GULF HDS

Company Nippon | Idemitsu| Okinawa | Mitsubishi
Mining 0il

Date on-stream 12/22/69 | 3/5/72 | 4/26/72 Under
construction

Type unit I II 11 I1

Charge stock (design) ———— Kuwait reduced crude

Charge capcity, bpsd 28,000 40,000 | 38,000 45,000

Fuel oil product sulfur,| 1.0 1.0 1.22 1.0

wt %
Cycles per year 2 2 2 1

aDesign charge is 800°F" (38%) Kuwait reduced crude. When charging
6500F+ Kuwait reduced crude, fuel oil product sulfur is 1.0 percent.

RCD ISOMAx3’9'12

In the RCD Isomax process residual oils of low to moderate metals content
(nickel and vanadium content less than 100 ppm) and sulfur as high as

5 to 6 wt percent are desulfurized directly to yield a heavy fuel oil
product containing as little as 0.3 wt percent sulfur. Yields for RCD
Isomax proéessing of Kuwait reduced crude to 1,.0.7, and 0.3 wt percent

sulfur are shown in Tables Cc-5, C-6, and C-7.
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Table C-5. YIELDS FOR RCD ISOMAX PROCESSING OF
KUWAIT REDUCED CRUDE TO 1.0 WT
PERCENT SULFUR

Wwe - 4| Lv - %] %aPI|S, wt - %
Feed oil 100.00 | 100.00 | 16.3 | 3.92
Chem H2 (scfb) 0.95] (600)
NH, 0.09
HyS 3.14
c, 0.23
c, 0.09
c, 0.10
c, 0.06] 0.1
Cg - 400°F 1.64( 2.0 |s51.2| o0.01
400°F" 95.60 | 99.6 | 22.41 0.95
Total | 100.95 | 101.7

Tabhé C-6. YIELDS FOR RCD ISOMAX PROCESSING OF KUWAIT
REDUCED CRUDE TO 0.7 WI PERCENT SULFUR

Viscosity,
o Sulfur, | Nitrogen, cst@
Wt - %| LV -%| API| wt - % wt ~ % 122°F
Feed oil 100.00 | 100.00 | 15.8| 4.1 0.23 330
Chem H2 (scfb) 0.98| (614)
NH, 0.11
H,S 3.83
€,-C, . 0.45 |
Cy - 400°F 1.10 1.35| 58.9| 0.01
400°FT 95.49 | 99.51|22.1| o0.71 0.19 74
Total 100.98 | 100.86
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Table C-7. YIELDS FOR RCD ISOMAX PROCESSING OF KUWAIT
REDUCED CRUDE TO 0.3 WT PERCENT SULFUR

Viscosity,
o Sulfur,| Nitrogen, cstg@’
Wt - %| LV - %| API | wt -~ % wt - % 122°F
Feed oil 100.00| 100.00 | 15.8 _ 4.1 0.23 330
Chem H2 (scfb) 1.18 (750)
NH3 0.13
. HZS 4,06
Cl-C4 . 0.89
C5-400 F 2.61 3.301 55 0.01
400°F 93.49| 98.69 24.0]0.3 0.13 50
Total 101.18 ] 101.99

Process Description

A schematic flow diagram of a typical RCD Isomax process is shown in
Figure C-4, The basic elements employed in this process are similar to

those used in many distillate hydrodesulfurization units.

. COMPRESSOR
n:ouceo—-)——Q UI le HYDROGEN
CRUDE )

RECYCLE Hy

REACTOR
COMPRESSOR

GASOLINE
SEPARATOR

olSPR LaTe
——

LOW SULFUR
FUEL OIL

Figure C-4. Typical RCD Isomax unit flow diagram
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Reduced crude, makeup and recycle hydrogen are pretreated prior to
entering the RCD reactor. Depending on the design, multiple series flow
and/or multiple reactor trains may be used. Reactor effluent is cooled
and directed to a high pressure separator where recycle hydrogen and a
liquid product are recovered. Separator liquid is sent to a low pfes-
sure flash drum where the major ﬁortion of dissolved hydrogen and light
co-product gases are flashed off. The flashed liquid is charged to a
fractionator for separation into individual products or sent to a product
stripper for flash point control without separate recovery of distillate

product.

Stage of Development

As of September 1974 three RCD Isomax units were on-stream and two others

were being designed. Total capacity of the five units is 175,000 bpsd.
Economics

The economics of the RCD Isomax process are presented in Table C-8.

RESIDUE DESULFURIZATION (BP PROCESS)LS> 14

The British Petroleum Company has developed a process to reduce the sul-
fur content of Kuwait atmospheric residue from 4 to 1 wt percent. A
50,000 bbl/sd.unit has been designed with the following goals:

e High desulfurization activity;

¢ High tolerance to metals accumulation;

® Low cracking activity to give high fuel-oil yields;
® Low denitrogenation activity;

¢ Low hydrogen consumption;

e Low cataiyst cost.
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Table C-8. ECONOMICS OF RCD ISOMAX PROCESS®

Basis: 50,000 bpsd charge
330 operating days per year
Electricity 1¢ kWh

Utility values:

Fuel 42 ¢ MM Btu
Cooling water 2¢ /1,000 gal
Steam, 73¢ /1,000 1b

1% sulfur

0.3% sulfur

in product in product
Investment, 106 $ 21.0 31.0
Operating costs $/sD | ¢/bbl | $/sD | ¢/bbl
Direct operating costs
Labor 6241 1.2 772 1.5
Utilities 5,146 ( 10.3 5,428 | 10.9
Catalyst and royalties 3,150 | 6.3 4,511 9.0
Maintenance, taxes and 3,818 7.6 5,636 { 11.3
insurance @ 6% of plant cost
Subtotal 12,738 | 25.4 16,347 | 32.7
Indirect operating costs
Administrative at 100% of labor 624 | 1.2 7721 1.5
Interest and depreciation 10,062 { 20.1 |} 14,853} 29.7
8%, 10 years
Subtotal 10,686 | 21.3 |15,625 | 31.2
Total operating costs, ex. 11 23,424 | 46,7 31,972 | 63.9
Hydrogen, at 60¢/Mcf 21,000 | 42.0 27,000 | 54.0
Grand total 44,434 | 86.7 [58,972 {117.9

#Economic data published May 1973 — updated economic data are

presented in Appendix D.
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Process Description

A flow diagram of the BP Residue Desulfurization process is shown in
Figure C-5.

«<— RESI/DUE FEED
DESULFURIZATION| RECYCLE -GAS
REACTOR COMPRESSOR
MAKEUP -~ GAS
Cali‘n%ﬂ COMPRESSOR
Me FROM HYDROGEN
QUENCH GAS PLANT
TO REACTOR r: H,S
A
REYCLE-GAS Emovar
TREATMENT
REACTOR ~ .
FEED r__.I l_.
HEATER FRACTIONATOR
NN~
WATER o
coLp
HIGH
HOT PRESSURE
HIGH
E'E%i%‘ﬂz SEPARATOR
oL—) DESULFURIZED
RESIDUE

LOW PRESSURE
SEPARATOR

Figure C-5. BP Residue Desgulfurization process

Atmospheric residue feed and hydrogen-rich recycle gas are brought to
the required reaction temperature and are passed through a guard chamber
prior to entering the main reactor. Recycle gas is also sent to the main

reactor as a quench.

The reaction effluent passes to a separation system and the liquid prod-
ucts are recovered by distillation. To prevent the deposition of ammo-
nium sulfide, water is injected into the recycle gas stream. The recycle-

gas treatment process involves the partial removal of methane and hydrogen
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sulfide necessary for maintaining an adequate hydrogen partial pressure

in the reaction section.

Stage of Development

As of 1971 several pilot plant tests-had been performed. Typical product
yields obtained at catalyst mid-life are shown in Table C-9. The catalyst
used in this process was selected not on the basis of regenerability but

rather on its ability to maintain selective desulfurization activity, its

low cost and its high tolerance for metals deposition.

Table C-9. PILOT-PLANT DATA

Total fuel-
Filtered | oil product,
feed > 1770C
Yield on feedstock, wt % 96,73
Yield on feedstock, vol % 99.74
Specific gravity, 60/60°0F 0.955 0.915
Flash point, OF' 245 245
Sulfur content, wt % 3.87 0.96
Viscosity kinematic at 509C centistokes 220 55
Viscosity kinematic at 60°C centistokes 126.3 35.5
Viscosity kinematic at 779C centistokes 57.2 19.6
Viscosity kinematic at 999C centistokes 26.1 10.7
Pour point, OF 65 45
Conradson carbon residue, wt % 9.3 4.5
Asphaltenes, wt % ‘ 2.2 0.7
Ash content, wt % 0.010 0.001
Iron content, ppm 3 3
Vanadium content, ppm 48 10 .
Nickel content, ppm 16 5
Sodium content, ppm 17 6
Nitrogen content, ppm 1,975 1,555
Desulfurization, wt 7% 75 75
Demetalization (V + Ni only), wt % 77 77
Denitrogenation, wt % 21 21
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Economics

The economics of the BP process are presented in Table C-10.

Table C-10. ECONOMICS OF BP PROCESS

and allowing no credits for recovered
sulfur or distillate produced), $ per
bbl fuel oil2

Feed Products > 350°F
Sulfur content, wt % 4,0 1.0 0.5 0.3
Yields, vol %
Light gasoline (C5-180°F) 0.4 0.6 1.0
Heavy gasoline (180-350°F) 0.6 1. 2.8
Kerosene (350-438°F) 1.5 1.9 4.1
Gas oil (438-626"F) 4.6| 10.5 | 11.0 13.9
Fuel oil residue (> 626°F) 95.4| 88.7 | 87.8 81.3
Total 100,03 101.7 | 102.4 103.1
Chem H, consumption, scf/bbl 625 835 1050
. Investment (Basis: 50,000-bpsd unit 355 410
to desulfurize Kuwait atmospheric
residue, estimated erected cost -
materials and direct labor - mid
1973. U.K. location, excluding
initial catalyst charge), $ per bbl
charge
Operating cost (exluding capital charges 1.15 1.50 1.90

8Based on hydrogen at $1 per 1,000 scf and fuel at $1.50 per MM Btu —

updated economic data are presented in Appendix D.

RESID HYDROPROCESSING (STANDARD OIL CO. INDIANA)

15,16

A fixed bed catalytic hydrodesulfurization process developed by the

Standard 0il Company of Indiana uses a proprietary catalyst that resists

poisoning by sulfur, nitrogen, metals, coke-forming materials and other
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troublesome constituents of resids. Typical feedstocks consist of atmos-
pheric and vacuum resids from Khafji, Gach Saran, Cyrus, Jobo, Darius,

El Morgan, Kuwait, West Texas and Mid-Contenf crudes. Low sulfur fuels
ranging upward from about 0.3 percent sulfur can be obtained from these
crudes. The Qatalystvutilized in the process enables desulfurization to
be carried out af large hydrogen partial pressures and low catalyst usage.
The catalyst is also highly tolerant to metal contaminants and is speci-
fically designed to overcome pressure drop problems. Table C-11 presents

yield data for four types of resid feeds.

Process Description

A process diagram of thé hydrodesul furization process is shown in Figure C-6.
Makeup recycle hydrogen is combined with resid feedstock prior to entering

a prereaction furnace. Heated material from the furnace passes through

the multibed reactor and then into a high préssure separator where vapors
"are separated from the liquid. The bottoms from the high pressure separa-
tor are.further processed in a low pressure separator, where additional
liquid and vapor streams are generated. The vapor streams from both

separators are scrubbed for H,S removal and are used as recycle gas in the

2
reactor. The hydrocarbon liquid streams from the two separators are
fractionated into desulfurized resid and lighter products. The desulfurized
resid can be blended with other fuels or processed further to recover

gas oill.
Economics

The economics of the hydrodesulfurization process are presented in
Table C-12.
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Table C-11. HDS YIELD DATA
Gach
Kuwait Sour West Texas Khafji Saran
Charge (atm. resids)
°Ap1 15.1 15.4 12.3 14.6
Sulfur, wt % 4,02 3.65 4,471 2.55
Ni + V, ppu 69 41 141 258
Viscosity, cs at 122°F 400 300 3,000 650
Pour point, °F~ 55 80 70 75
Vol. % 650°F~ 0 13.3 0 0
Yields (average)
H2 consumption, SCFB 560 600 700 780 400
€, =C,» wE % 0.46 0.87 1.4 0.70| 0.80
CS-BGOOF, vol % 1.4 1.9 3.0 2.2 2.4
360-650°F, vol % 8.7 11.7 26.8 10.9 | 11.8
650°F*, vol % 91.0 88.0 72.1 89.5 | 88.0
Gas oil, vol % 57.1
Residuum, vol % 15.0
Product quality, 6500F+ Gas oil DeS. resid
Sulfur, wt % 1.0 0.5 0.23 0.7 0.65| 0.40
°ap1 19.9 21.4 24.8 9.8 20.5 | 20.5
Ni + V, ppm 16 9 0.1 31 57 | 67
Viscosity, cs at 122°F | 270 140 72 go? 270 260
Pour point, °F 25 25 100 155° 60 65
Ramscarbon, wt % 1.0 16

At 250°F.

Softening point.
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Table C-12. ECONOMICS OF HDS PROCESSa

Investment:,b (Basis: desulfurizing 20,000 to 40,000 bpsd
of Kuwait atmos. resid to 1.0 wt % sulfur in 6500F+
product, January 1973, Gulf Coast), $ per bpsd capacity 560-620

' Typical requirement, unit per bbl feed

Electricity, kWh ' : ' ) 4.4
Steam, 1b ‘ 4 - 2.6
Fuel, M Btu . 86
Water, cooling, gal . 160
Water, process gal 4,2
Catalyst $ 0.08
Average hydrogen consumption scf 560

a
Includes amine recovery and regeneration,

Updated economic data are presented in Appendix D.

LC—FININGlO’lS’29

The LC-Fining process can be used for the desulfurization of atmospheric
residuum, vacuum bottoms and other heavy oils. Efficient hydrocracking

is employed to convert heavy gas oils or residues into lighter fractionms.

Process Description

Hydrogen and heavy oils are reacted in a fluid bed consisting of vapor
and liquid in which solid catalyst particles are maintained in random
motion by continuous upflow of the liquid phase. Two types of catalyst
can be used, a 1/32-inch extrudate or a fine powder. The extrudate

form requires an internal liquid recycle to expand the catalyst bed.

The powder form is fed into the reactor mixed with the fuel oil and does
not require the internal pumped liquid recycle for fluidization. At
equilibrium operation, catalyst leaving the reactor with the fuel product
is replaced by adding catalyst with the feed. Catalyst replacement is

done on a daily basis. Because the bed is in a continuous motion, contact
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between the catalyst and the oil is greatly improved, resulting in longer
catalyst life and the capability to process high metals feedstock.

Figure C-7 is a schematic of the LC-Fining process.

Stage of Development

The development of the LC~-Fining process is presented in Table C-13.

Table C-13. DEVELOPMENT OF LC-FINING PROCESS

Commercial installations

Unit Capacity, bpsd Status Years
Lake Charles, La. 6,000 In operation 12
Shuaiba, Kuwait 28,800 In operation 7
Salamanca, Mexico 18,500 In operation 2
Lake Charles, La. 25,000 In design’
Kashima, Japan 10,000 In design

Economics

The economics of the LC-Fining process are presented in Table C-14,

RESID ULTRAFININGE}’19

A proprietary process developed by Amoco, called Resid Ultrafining, haé
been used to desulfurize numerous resids of widely varying properties

in both bench scale and large pilot plant equipment,.

Process Description

Resid feed is preheated then combined with recycle hydrogen and heated to
reactor inlet temperature in a furnace (see Figure C-8). Desulfurization

takes place in a multibed reactor where an intermediate gas quench

255



m RECYCLE HYDROGEN

HYDROGEN _—
7L

e
GAS
H-0IL
REACTORS
V
N
w
(o]
— . > NAPHTHA
STEAM——>
T STABILIZER
, LOW SULFUR
FUEL OIL
FURNACE
Figure C~7, LC-Fining process flow diagram



Table C-14. DESULFURIZATION OF KUWAIT ATMOSPHERIC BOTTOMS

‘ +
Objective: Production of 1.0 wt % sulfur in 650°F product

Throughput: 40,000 bpsd (stream factor
Feed inspection: 650°F+, 15.0 0API, 4.05 wt

of 0.9)
% s, 49.6 vol % 975°F

Yields Wt % Vol % CAPI Wt % S
(On fresh feed)
H2s 3.4 - - -
NH3 0.1 - - -
1 0.6, - - -
C2 0.6 - - -
C3 0.6 - - -
C4 - 400°F 3.6 4.5 54,0 <0.1
400 - 650°F 23.7 26.6 33.0 0.2
650 - 975°F 38.2 40,8 25.1 0.5
975°F" 30.2 _29.8 13.0 1.7
101.0 101.7 24.4 0.8
650°F* 68.4 70.6 19.8 1.0
Hydrogen consumption —
Chemical 650 scf/bbl
. Losses? 260 scf/bbl
Total:

Catalyst replacement —

b
Estimated investment —

910 scf/bbl

8¢ per barrel of feed oil

Installed cost LC-fining unit 30.0 MM$
Initial catalyst chargze 0.6 MM$
Royalty : 2.8 MM$
Total: 33.4 M8
Utilities —
Power, kW 6,300
Heat @ 75% efficiency, MM Btu/hr 219
Recoverable heat,® MM Btu/hr 108
Cooling water @ A25°F, gpm 4,590
Labor, operators/shift 3

3This is with the use of a purge system for purification of recycle gas.

b . X . .

This figure includes major equipment, material, piping, labor, purchasing,
engineering, field expenses, a contractor's fee of 6% and 5% for contin-
gencies. Product fractionation is not included. Hydrogen is assumed

available at 300 psig and 95 mol % purity.

The investment is calculated

in U.S. dollars on a 2nd quarter, 1975 basis at a Gulf Coast location.

CEnthalpy in reactor liquid stream above 400°F.
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maintains the temperature and stability of the catalyst. A hot high-
pressure separator splits the reactor effluent into a vapor and a bottom
stream. The vapors are condensed in an exchanger system leading to a

cold High-pressure separator. The hydrogen rich gas is scrubbed with
amine to remove hydrogen sulfude and is recycled back to the reactor.
Bottoms from the hot high-pressure separator are mixed with the condensed
material from the cold high-pressure separator and then flashed in a low-
pressure separator. Liquid from this separator is ultimately fractionated
into fuel gas, naphtha, distillate and desulfurized resid. The gas streams
from the low-pressure separator and the fractionator aré scrubbed to pro-

duce a sulfur-free fuel gas.

Preliminary data based on bench-scale runs has shown that catalyst life
can be expected to last at least 9 months. Deposits of coke as well as

nickel and vanadium sulfides have a tendency to shorten catalyst life.

Stage of Development

Numerous resids of widely ranging properties have been desulfurized in

both bench-scale and large pilot plant equipment.
Economics

The economics of the Resid Ultrafining process are presented in Tables C-15
and C-16.

GO-FINING (EXXON RESEARCH AND ENGINEERING Co.)>?20~%2

Go-Fining 1s a proprietary process for handling high boiling virgin and
cracked gas oils., It is a fixed bed system and operates at pressures of
286 to 562 bar (400 to 800 psig).
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Table C-15. RESID ULTRAFINING DESULFURIZATION COSIS,
BASIS: 40,000 bpsd

b
West Texas

Resid Khafjia sour Differcnce
650+0F‘product sulfur, wt % 1.0 1.0 -
On-site investment, MM$C 17.3 13.0 4.3
Catalyst charge, MM5 1.1 0.4 0.7
Off-site investment, MM$d 5.7 4,4 1.3

Total investment, MM$ 24,1 17.8 6.3

Cost, ¢/bb1®

Hydrogen 33.5 25.5 8.0
Utilitics and chemicals 14.5 13.7 - 0.8
Catalyst 15.2 5.1 10.1
Labor 1.7 1.7 -

Investment related 4.1 30.5 10.6

Total, ¢/bbl 106.0 76.5 29.5

478 percent § recovery.

b74 bercent S recovery.

®Current U.S. Gulf Coast cost (published May 1973) — updated
economic data are presented in Appendix D,

dIncludes working capital.

éPer barrel of charge,

Table C-16. WEST TEXAS SOUR DESULFURIZATION COSTS,
BASIS: 40,000 bpsd

: b
650+0F product sulfur, wt % 9.3%1 1.0 Diffcrence

Ou-site investment, MM$® 17.3 ] 13.0 4.3
Catalyst charge, MM$ 1.1} 0.4 0.7
Off-site investment, Pmﬁd 5.7 4.4 1.3

Total investment, MM$ 24.1117.8 6.3

Costs, ¢ /bbl®

Hydrogen 34.6 4 25.5 9.1
Utilities and chemicals 14.5113.7 0.8
Catalyst 15.2 | 5.1 10.1
Labor .71 1.7 -~

Investment related 41.11 30.5 10.6
Total, ¢/bbl 107.1 76.5 30.6

292 percent S recovery,
b .
74 percent S recovery.

c'd’eSee footnotes for Table C-15,
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Process Description

Fuel o0il and hydrogen rich gas are preheated and fed into a catalytic

desulfurization reactor. After being cooled in a heat exchanger, the

hydrogen gas is separated from the oil, desulfurized, and either recycled

or used in another part of the plant. The desulfurized oil is ultimately

stripped of small amounts of low-boiling products and used directly as

fuel or stored as a low-sulfur blending stock. Figure C-9 is a schematic

of the Go-Fining process.

MAKEUP ) RECYCLE H,
HYOROGEN
H,S

RECOVERY
——

FURNACE

/]
( ) RESID FEED S

SEPARAT:?Cli[)

Figure C-9. Go-Fining

Depending upon the metals content of the feedstock,

H,S
o

>

w~ FUEL GAS

(SULFUR FREE)

NAPHTHA
—>

—
DESULFURIZED
FUEL OIL

the catalyst may be

regenerated for longer life and lower operating cost. Typical product

yields are presented in Table C-17.
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Table C-17. GO-FINING YIELDS AT 90 PERCENT DESULFURIZATION LEVEL
(HIGHER LEVELS MAY BE OBTAINED)
. Arabian - Gach
Crude source Kuwait { light | Khafji | Saran
Feed boiling range, °F 650/1,050°F
°aPI 22.2 | 23.1 21.7 | 22.4
Sulfur, wt % 3.05 2.28 2.97 1.91
Average yields
C4-C8 (including HZS)’ wt %] . 3.1 2.3 3.1 2.0
C4 vol % 0.08 0.07 0.09; -0.08
Cc-400°F, vol % 0.8 0.6 0.8 0.7
400°F", vol % 99.0 | 99.2 | 99.0 |100.0
Sulfur, wt % 0.3 0.23 0.3 0.19
Chemical hydrogen 280 220 300 220
consumption, scf/bbl

Economics

Hydrogen consumption ranges from 220 to 300 scf/bbl depending on the
amount of sulfur removed and operating pressure. Economic data

are presented in Table C-18.

Table C-18. ECONOMICS OF GO-FINING

Per barrel

Economics of go-fininga of feed
Investment, $ 100-220
Fuel fired, 1,000 Btu 20-40
Power, kW 1-2
Cooling water, gal 200-350

Basis: total erected cost, 1971 Gulf Coast
(includes initial charge of catalyst)

aUpdated economic data are presented in Appendix D.
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Stage of Development

As of September 1972, theré were approximately 390,000 bpsd of Go-Fining
capacity in units ranging from 15,000 to 80,000 bpsd. An additional
total capacity of 580,000 bpsd were in the planning, design, or construc-

tion stage.

RESIDFINING (ESSO RESEARCH AND REFINING COMPANY)®>2Z:23

This is a proprietary process for the hydrodesulfurization of atmospheric

residue for the production of low sulfur fuel oil.

Process Description

Residfining is a fixed-bed system operating at pressures of approximately
700 bar (1000 psig). The residual oil to be treated and hydrogen-rich
gas are preheated before entering the desulfurization reactor. Following
heat exchange and cooling, the hydrogen-rich gas is separated from the
fuel oil and recycled or used in another process. The desulfurized oil
is stripped of small amounts of low-boiling products generated in the
reaction and is used directly as fuel or stored for low-sulfur blénding

. stock.

The proprietary catalyst used rejects many of the asphaltenes contained
in the residuum. It has been tested using residuum feeds containing
30 to 200 ppm nickel and vanadium with satisfactory results. A schematic

.is shown in Figure C-10.
Economics

Long catalyst life at low pressure is a significant economic determinant.
Operating 700 bar (1000 psig) as opposed to 1400 bar (2000 psig) results
in a lower operating cost due to reduced investment, reduced hydrogen
consumption, and reduced energy consumption. Economic &ata are presented

in Table C-19,
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Table C-19. ECONOMICS OF RESIDFINING PROCESS

Economics of

Per barrel

residfining? of feed
Investment, $b 330-500
Power consumption, kW 1.2-1.4
Fuel fired, 1,000 Btu 50-60
Cooling water, gal 200-250

%Fconomic data published September

1972,

bTotal erected cost: 1971 Gulf Coast;
inclusive of catalyst. Updated eco-
nomic data are presented in Appendix D.

Stage of Development

As of September, 1972, two units were in the design stage.
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RESIDUE HYDRODESULFURIZATION®

The Badische Anilin-und-Soda-Fabrik AG and Institut Francais du Petrole
process is used to remove sulfur, nitrogen and metallic contaminants from
heavy feedstocks. Typical charges to the system are atmospheric residue,

vacuum residue and total crude oil.

Process Description

A flow diagram of the process is shown in Figure C-11. The feedstock and
hydrogen-rich gas plus recycle are preheated in a heat exchanger using
~the reactor products. The heated charge then enters the fixed bed reactor.
After passing through the catalyst bed the reaction products are cooled
and sent to separators where the product is desulfurized and separated
from the unreacted hydrogen and light hydrocarbons. The product stream

is then stabilized in a stripper column.

Three process schemes havée been designed to allow for differences in

product sulfur content, stream factor and by-product utilization:
e Vacuum gas oil desulfurization - a deep desulfurization
of the vacuum gas oil (VGO) and the blending of it with
the vacuum residue;
o Indirect desulfurization and solvent deasphalting - the
topped crude is distilled, the VGO is deeply desulfurized,
the vacuum residue is deasphalted and then desulfurized;

° Direct desulfurization of the topped crude.
See Table C-20 for product yields.

Stage of Development

Not reported.
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Table C-20. RESIDUE HDS PRODUCT YIELDS

Ratawi Kuwait
crude crude
Feedstock:
Specific gravity 0.985 0.969
ASTM distill., IBP, °F 563 574
Sulfur éontent, wt % 5.1 4.1
Pour point, °F 54 54
Desulfurization rate, % 80 80
Yields (mid-run), wt% on feed:
HZS + NH3 4,50 3.60
C1 - C4 . 0.80 0.35
C5 - 302°F 0.60 0.30
302-482°F 2.75 2.50
482 - 662°F 10.50 | 10.40
662°F 82.50 | 82.81
Total 101.20 100.96
Product quality:
Gas-o0il, 482 - 662°F
Specific gravity 0.870 0.867
Sulfur content, wt% 0.065 0.045
Pour point, °F 10.5 10.5
Fuel oil, 662°FF
Specific gravity 0.941 0.924
Sulfur content, wt% 1.20 0.95
Pour point, °F 54 49
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Economics

The economics of the Residue Hydrodesulfurization process are presented

in Table C-21,

Table C-21. ECONOMICS OF RESIDUE HDS

A detailed engineering study for a unit treating 45,000 bpsd
of Kuwait atmospheric residue at a desulfurization rate of
80 percent gives:2:
Investment, $ per bpsd capacity
Erected battery 1imitsb 344
Catalyst, first charge _ _ 19

Typical requirement, units per bbl feed

Electricity, kWh 3.2
Steam (medium pressure), 1b 25
Fuel (absorbed heat), M Btu 99
Hydrogen consumption, scf 650
Catalyst life, ultimate, months 12

®Economic data published September 1972.

Updated econbmics data are presented in Appendix D.
w25
HYDRODESULFURIZATION, TRICKLE FLO
Hydrodesulfurization, Trickle Flow, improves the quality of petroleum
fractions ranging from kerosene to heavy gas oil, as well as vacuum
flashed distillate by the removal of sulfur and by the hydrogenation of

unsaturated components.

Process Description

As shown in Figure:C-IZ, feedstock, combined with hydrogen-rich make-up
and recycle gas, is passed through a feed/effluent heat exchanger prior

to entering a furnace, where the temperature is raised to 332 to 400°¢
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(630 to 750°F). The heated charge is then passed through the reactor in

a trickle flow. After be1ng cooled the product is flashed in a high-

pressure separator at a temperature of 38 to 49°C (100 to 120 F) or for
extra heavy gas oils at 149 to 177% (300 to 350 °F).

is pumped to a work-up section where HZS and dissolved gases are removed.

The liquid product

The gas leaving the high-pressure separator is used as recycle gas.

Typical yields from the HDS of thermal cracker gas oil are shown in

Table C-22.
Table C~22. TYPICAL RESULTS FROM H¥DRODESULFURIZATION OF
THERMAL CRACKER GAS OIL (380-650°F FRACTION)
Feedstock | Product
Specific gravity 20°/4°C 0.8469 0.8326
Sulfur content, wt % 1.33 0.16
Bromine number, g/100 g 23 1
Maleic anhydride value, mg/g 5.2 -
Pour point, °C -13 -16
Cloud point, °c -9 -9
Desulfurization, % 88.0
Chemical H, consumption, scf/bbl 315
% sulfur removal 88

Stage of Development

At the end of 1973, 82 units with a combined capacity of 1,050,000 bpsd

were operating.
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Economics

The economics of the HDS, Trickle Flow, process are described in Table C-23.

Table C-23. ECONOMICS OF HYDRODESULFURIZATION PROCESS .

Typical requirement, unit per bbl middle distillate

Electricity, kwh 1.2
Steam (200 psig), 1b 9.6
Fuel, M Btu 52.8
Water, cooling (SOOF rise), gal ' 260
Catalyst consumption, 1b 0.01

IFP RESID AND VGO HYDRODESULFURIZATION3

The Institut Francais du Petrole's (IFP) HDS process is a catalytic fixed
bed operation. This process can be used to improve heavy petroleum stocks
by removal of sulfur, nitrogen and metallic contaminants. Typical charges
to the reactor are atmospheric residues, vacuum residue and total crude

0il. Desulfurization can reach 85 percent.

Process Description

A flow diagram of the IFP hydrodesulfurization process is shown in

Figure C-13.

Feed and makeup hydrogen are mixed with a portion of the recycle gas and
are then fed down through the catalyst beds. The remaining portion of the
recycle gas is used as a temperature regulating quench in the reactor. The
reaction products are cooled and sent to a high-pressure separator where
hydrogen-rich gas is removed and recycled to the reactor. The product is
stabilized in a stripper column where light ends and residual H.S are

2
removed,

In this process, IFP employs a cobalt molybdate catalyst in the form of

extrudates 1.5 mm in diameter and 3 to 6 mm long,
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Tables C-24 ‘and C-25 give feed and product specifications for a Kuwait

residue.

'
1

Table C-24. FEED SPECS AND IFP PROCESS PERFORMANCE

Kuwait residue

Gravity

Sulfur

Nitrogen

Metals

Conradson carbon

Asphaltenes o

Viscosity at 210°F

Pour point

ASTM distribution IBP
5%
50%

Desulfurization rate

Hydrogen chemical consumption

Catalyst ultimate life

15.5° API
4.1 wt 9%
2,500 wt ppm
63 wt ppm
9.5 wt %
2.6 wt %
160 SUS
52°F.
572°F,

. 716°F.
1,013°F.
89%

760 scf/bbl
9 months

Table'Cf?5. YIELDS FROM KUWAIT RESIDUE

Yields, mid run

HZS + NH3
Cl-C4 .
C,-400°F
400°F+

Long residue 400°r+
Gravity
Sulfur
Flash point
Metals
Viscosity at 210°F
Asphaltenes

3.85 wt% on feed
0.55 wt% on feed
3.0 wt?, on feed
93.8 wt% on feed

(=99.50 vol% on feed

24.8

0.50 wt%
300°F.
17 ppm
80 SSU
0.6 wt?%

273



Stage of Development

As of September 1972 two plants were in operation, one in Japan and the

other in the Near East.
Economics
The economics of the IFP HDS process are presented below in Table C-26.

Table C-26. TYPICAL ECONOMICS OF IFP HDS PROCESS (WITH
IRANIAN LIGHT ATMOSPHERIC RESIDUE)2

Charge: | 650°F IBP
25 API
. 2.5wt % S
Plant capacity: 40,000 b/sd
400°F" cut: 0.3 wt % S
99 vol % yield on feed
Investment: ' $20,000,000
¢/bbl feed: : Cost Credit
Hydrogenb 24,0
Catalyst : 11.0
Utilities® 5.5
Investment relatedd 31.4
Sulfure ‘ IANA
Totals 71.9 4.4
Net charges: 67.5 ¢/bbl of feed o+
68.2 ¢/bbl of fuel 400 F

%as of September 1972 updated economic data are presented in Appendix D.
b35¢/Mscf.

“Power 1¢/kW, fuel 25¢/MM Btu, steam 0.08¢/1b, Lighf products counted
for fuel.

d20 percent /year of investment cost including amortization, interest,
maintenance, labor and overhead. (includes amine washing, sulfur plant
and gas cleaning).

®$15/1ong ton.
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DEMETALIZATION/DESULFURIZAT ION2 6

As the metals content (principally vanadium) increases in residual feed-
stock, the cost of desulfurizing increases due to larger reactor volumes
and higher catalyst usage. When processing residual fuel oils with vana-
dium contents above 200 to 300 ppm, the economics may favor a scheme of

demetallization/desulfurization.

Process Description

This method uses a recently developed system employing two different
catalysts (see Figure C-14). The first catalyst system uses a demetal-
lization ebullating bed reactor containing an inexpensive natural catalyst.
This reactor is followed by one or more desulfurization ebullating bed
reactors containing a conventional Co-Mo catalyst. The demetallization and
desulfurization reactor designs are similar. The advantage of this tech-
nique lies with the natural catalyst used for demetallization, the cost

of which is about 5 to 10 percent of the Co-Mo catalyst.

DEMETALIZE
ou.;J: 0 I FINAL
2 PRODUCT
FOR DEMETALLIZATION/
DESULFURIZATION z ',"-.’. 5- = g §
Q3 - > -
No < NOk Mok
E"‘u I'-Q mho
S0 D0 20
EhE: Eh o
Sx Sz S
. o (2NN 0N
w kE w w o
a %) o v a o
HYDROGEN -\/ / \: J
FEED OIL

Figure C-14. Demetalization/desulfurization flow diagram
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Stage of Developmen;

Several pilot plant studies have been performed successfully using medium-
metals-content (400 ppm vanadium) atmospheric bottoms and Boscan high

metals crude (1100 ppm vanadium).

Economics

The economics of the demetalization/desulfurization system are presented
in Table C-27,

DELAYED COKING23’27

The process of Delayed Coking upgrades heavy residuals or bottom of the
barrel materials into more valuable distillate products and coke. By

1980 the production of coke is expected to exceed 4.5 x 107 kg (50,000 tons)
per day. Delayed coking accepts as feed material a full range of reduced
crude oils, shale oil, Athabasca bitumen, gilsonite, coal tar pitch, and
asphalt. Needle coke for electrodes in aluminum manufacture is produced

as a side product from aromatic and refractory stocks, such as catalytic

cycle oils and thermal tars,

Process Description

A flow diagram of a simplified delayed coking and.fractionation section
is shown in Figure C-15. The feed material is fed directly to the bottom
section of the fractionator where material lighter than the desired end
point of the heavy gas oil is flashed off. The remaining material from
the bottom of the fractionator is combined with recycle oil and is pumped
to the coking heater where it is rapidly heated to above 482°¢c (900°F).
The liquid-vapor mixture then leaves the coking heaterland enters a coke

drum.
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Table C-27.

COST COMPARISON® — DESULFURIZATION VERSUS DEMETALIZATION/DESULFURIZATION

Venezuelan medium-metals
atmospheric residuum

Venezuelan high-metals
crude, Boscan

Throughput, b/sd

Type operation

Feedstock data
Gravity, ©API
V, ppm

Space velocity
Vo/hr/Vr (Case 1 = 1.00)

Hydrogen cons., scf/bbl
Investment, $ millionb

Major processing cost
Catalyst cost, ¢/bbl
Hydrogen, ¢/bbl®
Investment, C/bbld

Total, ¢/bbl

25,000

Desulfurization

11.8
375

0.49
720
19.8

42
54
24

120

25,000

Demetallization/
desulfurization

12.7
398

0.31
680
25.2

13
51
31

95

25,000

Desulfurization

10.4
1,100

0.53
1,140
21.8

62
86
26

174

25,000

Demetallization/
desulfurization

10.4
1,100

0.49
1,030
23.9

11
77
29

117

0 o P

=7

Article published June 1975, updated economic data are presented in Appendix D.

Hydrogen is assumed to be from steam-methane reforming at 75¢/1.000 scf.

Investment payout over 10 years in ¢/bbl based on 0.90 on-stream factor.

Investment includes demetallization (if any)/desulfurization sections at a Gulf Coast location.
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A coking unit usually has two drums, one on stream while the other

is being decoked. The coke units are usually designed so that each one
operates on a 48-hour cycle. The overhead vapors from the coke drum
enter the lower section of the fractionating tower for separation into

gas, gasoline, gas oils and recycle stock.

Stage of Development

Delayed Coking has been used extensively in the petroleum industry for
several years. Coking capacity by the end of the seventies is expected
to grow to between 4.1 x 107 and 4.5 x.107 kg (45,000 and 50,000 tons)
per day. As advancements in operating techniques are made, a wider range
of feed stocks will be utilized. Several units are currently operating

successfully outside the U.S. and are designed for a coal tar pitch feed.
Economics

No data available,

VGO/VRDS ISOMAX12’28-’29

The combination of a vacuum gas oil desulfurizer (VGO Isomax) with a
vacuum residuum desulfurizer (VRDS Isomax) is often an attractive alterna-
tive to direct desulfurization of atmospheric residuum (RDS Isomax). The
VGO/VRDS is an extension of RDS technology; the major difference involving
feed stock and type of catalyst.

Process Description

The separation of atmospheric residuum into a gas-oil fraction and a
vacuum~-tower bottom combined with desulfurization of each stream indivi-
dually requires 35 percent less hydrogen than direct desulfurization of

atmospheric residuum as is the case in the RDS process. In addition,
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the yield of heavy fuel oil (659°F+) is 2 to 3 percent higher in:the

. VGO/VRDS combination process.

Vacuum gas oil is processed at considerably lower pressures than the
residue, which ‘leads to a very selective hydrodesulfurlzation with minlmum
hydrogen-consuming side reactions. Table C-28 shows the yields from
Arabian light residuum using VGO, VRDS and RDS processes. As indicated
in this table, the VGO process produces 0.1 peréent sulfur product which
when combined with the VRDS product yields an overall 0.5 percent sulfur

fuel oil. Figure C-16 presents a flow diagram of a VGO/VRDS process.

Table C-28. LOW SULFUR FUEL OIL PRODUCTION
FROM ARABIAN LIGHT RESIDUUM2
VGO+
Process VGO VRDS VRDS RDS
Feed sulfur, wt % 2.3 4.1 .9 2.9
Product sulfur, wt % 0.1 1.28 0.5 0.5
.Product yields
C1-C4, wt % 0.59 0.56 0.58 0.58
H2S, NH3, wt % 2. 44 3.00 2.55 2.55
cst, wt % 97.51 | 97.34 | 97.46| 97.67
05+, v % 100.6 |102.0 |101.0 |101.5
Hydrogen consumption
Scf/bbl 330 720 450 550
Scf/1b sulfur 47 71 56 69

#Chevroa hydrotreating process yields (middle of run).

Stage of Development

The development status of VGO Isomax plants is presented in Table C-29.
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Table C-29. VGO ISOMAX PLANTS®

Capacity,
Company Location b/sd
On-stream
Chevron 0il Co. Salt Lake City, Utah 5,200
Fujl 0il Co. Sodeguara, Japan 23,000
Koa 0il Co. : Marifu, Japan 8,000
Koa 0il Co. Osaka, Japan 12,000
Nippon Petroleum Refining Co. | Negishi, Japan 40,000
Subtotal 88,200
Engineering and construction

Asia Kyoseki Co, Sakaide, Japan 15,000
Nippon Petroleum Refining Co. | Negishi, Japan 28,000
Nippon Petroleum Refining Co. | Muroran, Japan 40,000
Tohoku 0il Co. ' Sendai, Japan 35,000
Bahrain Petroleum Co. Bahrain, Arabian Gulf 50,000
Kashima 0il Co. Kashima, Japan 25,000
Unannounced ' . 60,000
Unannounced 36,000
Subtotal 289,000
Total 377,200

#As of September 1972.
Economics

Tables C-30 and C-31 present the differences in investment and processing

costs for a VGO/VRDS process and a RDS process.
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Table C-30. INVESTMENT SUMMARY

Feed: 86,000 b/cd Arabian light
650°F* residuum

Product: 3500F+ fuel .0il containing
0.5 % sulfur '

Processing scheme
On-plot investment,
$ millions,

relative to RDS - VGO/VRDS
Crude unit + 7
H2 plant . -3
VGO, VRDS -11
Total -7

8y.S. Gulf Coast estimates for Jan-
-uvary 1975. List does not include the
process equipment common to both
cases.

Table C-31. PROCESSING COSTS

Feed: 86,000 b/cd Arabian light
. 6500F+ residuum )

Product: 350°F+ fuel o0il containing
0.5 % sulfur

Processing scheme VGO/VRDS
Amortization, $/bbl F.O.
relative to RDS b -0.05

Operating costs, $/bbl F.O.
relative to RDS

Catalyst : 0

Hydrogen L -0.20
Utilities -0.04
Other +0.09
~ Total -0.20

& Includes only on-plot investment
for crude unit, hydrogen plant, and
hydrotreaters.

bUtility costs are: fuel $13/bbl
equivalent fuel o0il; steam $2/1,000
1b; cooling water and process water
$0.26/1,000 gal; power $0.027/kWh.
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SHELL GASIFICATION PROCESS-C?S 1

The Shell Gasification Process (SGP) in conjunction with a combined cycle
is based on a new application of SGP developed in the Amsterdam research

laboratories of Royal Dutch Shell during the early 1950's.

Process Description

The SGP involves the partial combustion of heavy, sulfur-containing resi-
dual fuels and heavy crude oils to produce a mixture of hydrogen and

carbon monoxide., Hydrogen sulfide produced during this reaction is readily
removed to yield é sulfur-free (5 ppm) fuel gas, which is used for power
generation in a typical combined cycle. Figure C=-17 contains a schematic

diagram of this SGP/combined cycle process.

A simplified SGP flow diagram is shown in Figure C~18. The hydrocarbon
charge and the oxidant are preheated and fed to the reactor. Hot reactor-
effluent gas, containing about 3 percent of the feed as soot, is passed

to a waste-heat boiler, producing high-pressure saturated steam. High
heat-transfer rates assure that the temperature of the gas leaving the

waste-heat boiler is close to that of the steam produced in the boiler.

The design and construction of the waste-heat boiler are such that the
surface remains cleaﬁ for an indefinite period (without using external
cleaning devices). The waste-heat boiler of the Shell prototype unit has
been in operation since 1956 and never has been cleaned on the gas side.

This waste-heat boiler can be designed for steam pressure up to about
1 kbar (1,500 psig).

Gas Cleanup

The "crude" gas leaving the waste-heat boiler at temperatures around

177% (350°F) is then passed to the carbon-removal system. In this system
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bulk removal of the carbon is accomplished by contact of the gas with

water. The remaining product gas has less than 5 ppm of carbon. The

carbon produced in the gasification is recovered as a soot in a water slurry
-(carbon content 1 percent to 2 percent by weightz. In most cases, it

would not be possible to dispose of this untreated carbon slurry. There-
fore, Shell hés developed a technique for removing carbon from the slurry
permitting the water to be reused. Depending on the metals content of the
feedstock and‘the economics and maintenance policy of the process operator,
Shell claims that up to 100 percent of the soot can be récycled to extinc-

tion with the fresh feed.

.Sulfur in the feedstock is converted primarily to HZS and traces of COS.
The carbon-free product gas is treated in a Shell Sulfinol or ADIP process
unit, where the sulfur compounds and most of the CO2 are absorbed. The
desulfurized gas is said to contain typically less than 5 ppm of sulfur.
The acid-gas effluent from the Sulfinol unit is.fed to a Claus process

unit, which recovers elemental, salable sulfur.

Either oxygen or air can be used as the oxidant depending on the desired
heating value in the product gas. Nitrogen present in the air will act

as a moderator for temperature control in the reactor. In either case,
"steam is injected into the reactor for further temperature control. Air
oxidation .produces a low-heating-value 1068 kcal/m3 (lZO-Btu/ftB) fuel gas,
while oxygen feed produces a medium-heating-value gas 2670 kcal/m3

(300 Btu/ft3). Typical product-gas compositions for air and oxygen

gasification are shown in Table C-32.
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Table C-32. TYPICAL PRODUCT GAS COMPOSITION

% vol, dry basis
02 Air
oxidation oxidation
Hydrogen . 48.0 12.0
Carbon monoxide 51.0 21.0
Methane 0.6 0.6
Nitrogen 0.2 66.0
Argon 0.2 0.4
Sulfur 5 ppm 5 ppm
Total : 100.0 100.0

.Economics
The economics of the Shell gasification process are presented in Table C-33.

- Table C-33. POWER GENERATION COST - 200-MW STUDY"

Gross output, M.wb 200.0
Power consumed, Mw 4.7
Net power output, Mw ' ' 195.3
Overall efficiency, % 38.0

Capital cost, $ millions (1972) .
Fuel-processing unit 18.2
Power-generation unit 31.4
Total capital cost ' 49.6

- Operating cost, mills/kwhr :

Sulfur credit @ $10/ton (0.06)
Catalysts and chemicals 0.06
Water costs 0.40
Operating labor @ $83,500/job (4 operators) 0.20
Maintenance @ 3% of capital 0.85
Local overhead @ 100% labor plus 25% maintenance 0.41
Taxes and insurance @ 17 of capital 0.29
Total net ‘operating cost ' 2.15
Fuel cost (X = dollar cost per bbl of oil) 1,52X%

aYearly average value. Actual capacity is 117 higher to
compensate for 90% stream factor.

bCost data published February 1973. Basis 10,000 bpsd;
updated economic data are presented in Appendix D.
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APPENDIX D

ECONOMICS AND PROCESS PARAMETERS OF ALTERNATIVE RESIDUAL
OIL UTILIZATION TECHNOLOGIES

INTRODUCTION

This section summarizes the technical details and economics of the sys-
" tems presented in the preceding two appendices. The concluding portion
of this section compares the costs of the CAFB with the costs of feed~

stock desulfurization and flue gas desulfurization.
PROCESS PARAMETERS OF FEEDSTOCK DESULFURLIZATION

Table D-1 summarizes the feed types, desulfurization efficiencies and
hydrogen and water requirements of the three feedstock desulfurization
techniques capable of handling high metal feedstock. .Table D-2 presents

the same data for the other processes described in Appendix C.
ECONOMICS OF FEEDSTOCK DESULFURIZATION PROCESSES

Cost data presented in Appendix C are taken directly from literature
published by system developers. It is difficult to accurately compare

process costs for the following reasons:

° Differences in feedstock
- Source
—  Sulfur content

— Metals content
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Table D-1.

PARAMETERS OF HIGH METALS FEEDSTOCK DESULFURIZATION TECHNIQUES

PROCESS
: Ho
Metals Metals consump- |
Feed - % s % s % 8 feed, product | tion,
Process type feed product removal - ppm ppm scf/bbl Water usage
. Iranium .
Flexicoking heavy 3.43| 0.2 equiv, 947 equiv, 525 5 - 20-30 gal/bbl cooling
’ 12-16 gal/bbl boiler feed
Bachaquero 3.66) 0.2 equiv, 95% equiv, 1040 10 - 20-30 gal/bbl cooling
’ 12-16 gal/bbl boiler feed
W. Texas 4.6 | 0.2 equiv., 96% equiv, 137 1 - 20-30 gal/bbl cooling
. 12-16 gal/bbl boiler feed
Venezuelan :
high metals 5.6 1.27 77 Ni - 85 :
Demetalization/ crude v - 1100 1140 -
. Desulfurization
Venezuelan
medium metals| 2.8 0.64 77 Ni - 57
- atm resid Vv - 398 680 -
L. C. Fining Kuwait 4,05 1.0 75 Ni - 15 -
vV - 49 910 | 4590 gal/min A25°F cooling
atm resid 4,05 0.5 88 Ni - 15 - ‘ .
vV - 49 1030 | 4860 gal/min A25°F cooling
Gach 2.6 1.0 62 Ni - 45 -
Saran . vV - 165 540 5410 gal/min A25°F cooling
atm resid 2,6 0.5 81 Ni - 45 - :
vV - 165 630

5830 gal/min A25°F cooling
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Table D-2. PROCESS PARAMETERS OF RESIDUAL OIL FEEDSTOCK DESULFURIZATION TECHNIQUES

Hj
Metals| Metals | consump-
Feed % S %S %S feed, | product, tion,
Process type feed | product | removal ppm ppm scf/bbl Water usage
HDS-Gulf Kuwait 3.8 1.0 75 60 0.2 515 214 gal/bbl cooling A20°F
3.8 0.3 92 60 <0.1 740 288 gal/bbl cooling A20°F
3.8 0.1 97 60 <0.1 900 355 gal/bbl cooling A20°F
RCD 1somax Kuwait 3.92 1.0 74 Ni - 15 - )
] vV - 47 - 600 -
Universal 0il 4,1 0.3 93 Ni - 15 - . .
Products Co. ] V. =47 - 750 -
Direct 1 3.9 1.0 74 Ni - 15 - 550 -
. V =~ 45
Direct II | 3.9 0.5 87 Ni - 15 770 -
) ' vV =~ 45 -
Modified 3.9 0.32 . 92 Ni - 15 - 850 -
Direct III| vV - 45 -
Residue Kuwait Ni - 13| NiL - 6
Desulfurization 4.0 1.0 75 V -49)v - 18 625 -
. BP ‘ Ni - 13| Ni - 4
4.0 0.5 88 VvV =-49|v -13 835 -
Ni-13|Ni - 3
4,0 0.3 93 V =491V - 12 1050 -
Residue -1 Kuwait :
Hydroprocessing 4,02 1 1.0 75 69 16 560-620 | 160 gal/bbl cooling 4.2 gal/bbl process
Standard 4,02 1 0.5 88 69 5 560-620 | 160 gal/bbl cooling 4.2 gal/bbl process
Cil Co.
Residue Khafyi
Ultrafining 4,47 1.0 78 Ni - 93 - 580 -
vV - 32
Amoco W. Texas Ni - 25
Sour 3.85 | 1.0 74 v - 16 420 -
Ni - 25
3.85 | 0.3 92 vV - 16 600 -
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Table D-2 (continued).

PROCESS PHYSICAL PARAMETERS OF RESIDUAL OIL FEEDSTOCK
DESULFURIZATION TECHNIQUES

Francais du
Petrole

Hy |
- o Metals | Metals consump-
Feed % S % S % S feed, | product, tion,
Process type feed | product|{ removal| ppm PPm scf/bbl Water usage
Go-fining Arab .
Heavy 2.96 0.1 97 - - 410 30-50 gal/bbl cooling
Exxon Athabasca
sands 3.97 0.11 97 - - 975 30-50 gal/bbl cooling
- Resid fining | Gach : :
Saran 2.5 0.3 88 220 - 625 150-300 gal/bbl cooling
Exxon Arab
: Heavy 4,19 0.3 93 120 - 915 150-300 gal/bbl cooling
Residue .
HDS Kuwait 4.1 0.95 77 - - 650 -
Badische
Anilin-und
. Soda-Fabrik
A.G,
HDS - Trickle!| Thermal
Flow cracker gas | 1.33 0.16 88 - - 260 gal/bbl cooling A30°F
iFP Residue Iranian
and VGO HDS Light 2.5 0.3 88 232 37.7 gal/bbl cooling
Institute Atmospheirc




o Differences in amortization rates
e Differences in assumed costs of hydrogen
and other materials

—~ For example, the reported price of hydrogen varies
between 25¢ and $1.00 per thousand standard cubic
feet of gas

e Differences in plant sizes

e Unpublished assumptions regarding labor costs,
transportation costs, etc. '

With these caveats in mind Table D-3 is presented to summarize the econo-
mics of the processes described in Appendix C. The column labeled 'GCA
estimated operating costs' represents an attempt to report process costs
.on a common basis in 1975 dollars. The figures in this column were cal-
culated based upon estimated operating costs of 75¢ per thousand SCF

of H2 and 15 percent investment related costs.

It is difficult to put the capital costs in Table D-3 on the same basis.
However, the investment related costs always include process equipment
costs and may or may not include direct labor costs or fee. Therefore,
when comparing costs in Table D-3, process descriptions in Appendix C
should be consulted to insure that capital costs are calculated. on the

same basis.
ECONOMIC COMPARISON OF FGD, HDS AND CAFB

Westinghouse has generated both operating and capital costs for a lime-
stone scrubbing FGD unit32 based on a previous comprehensive study of
FGD economics prepared by EPA/TVA.33 Westinghouse has also generated
the HDS operating and capitallcosts on the same basis as the FGD costs.
The capital costs for FGD and HDS are given in Table D-4 for two dif-
ferent size plants. Foster-Wheeler projects a cost of $23,975,905 for
their 250 Mw o0il gasifier including engineering and fee. As can be
seen from Table D-4, FGD presents the smallest capital cost while CAFB

and HDS are roughly equivalent.
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Table D-3.

ECONOMICS FOR OTHER RESIDUAL OIL UTILIZATION TECHNIQUES

Investment Operating cost
Cost Per bbl, Per bbl, | GCA estimated
) - Feed basis,| % S % 8 % S Total| capacity, ; Total! capacity, | operating cost|
Process type bpsd feed ; product | removal | ¥4, §$ MM, $ $/bbl - References
HDS-Gulf Kuwait .
Type 1I 50,000 3.8 1.0 74 1.58 - 0.85 1, 2, 3, 4, 5
Type 1I1 50,000 3.8 0.3 92 2.10 - 1.20 S
Type IV 50,000 3.8 0.1 97 2.43 - 1.58
RCD-Isomax Ruwait 50,000 3.92 1.0 74 28.1 1.69 1.30 1.41 6, 7, 4, 8, 9
50,000 4.1 0.3 93 41.5 2.49 1.738 1.91 '
Direct 1 |} 40,000 3.9 1.0 7% 21.80 1.63 0.718 1.15°
Direct II | 40,000 3.9 0.5 87 | 29.32 2.21 0.98 1.59
Modified | 40,000 | 3.9 0.32 92 35.31 2.65 1.10 1,78
Direct III '
Residue Desulf. 50,000 4,0 1.0 75 1.36 1.49 - 10, 11
Bp process 4.0 | 0.5 88 1.57 1.95 -
4.0 0.3 93 . - 2,47 -
Resid Hydro- Kuwait 20,000~ " 28.6- 2.14
processing 40,000 31.6 2.37 1.08 12, 13
Standard 4,02 1.0 75 ) '
01l Co.
Go-fining Arab Heavy| 18,000- | 2,96 2.1 97 $80-150/bpsd - 14, 15, 4, 16
95,000 capacity
Athabasca -] 3.97 0.11L 97 -
tar sand
Resid- Gach 55,000 2.5 0.3 88 $300-750/bpsd - 15, 4, 14
fining Saran (Avg.) capacity :
Arab . 4.19 0.3 93 ' -
Heavy
Residue HDS Kuwait 45,000 4.1 0.95 77 IL 1.38 0.50 17

aMajor difference in operating cost

ig price of nydrogen 60¢/MSCF versus 25¢/MSCF.
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Table D-3 (continued). ECONOMICS FOR OTHER RESIDUAL OIL UTILIZATION TECHNIQUES

) Investment Operacing cost .
Cost : Per bbl, Per bbl, | GCA estimated
i Feed basis, % S % s %S Total | capacity, Total } capacity, | operating cost,|
Process type bpsd feed |} product | removal § MM MM $/bbl References
HDS-Trickle 13,000 1.33| o0.16 88 - 18
flow (Avg.)
IFP Resid 40,000 2.5 0.3 88 ‘2.01 0,99 1.28 &
and VGO HDS :
Regid ultra- Khafyi 40,000 4,471 1.0 78 26.8 2,01 1.16 1.60 19, 4
fining - .
Amoco W. Texas 40,000 3.85 1,0 74 19.8 1.49 0.84 1.17
Sour . :
W. Texas 3.85 0.3 92 26.8 2,01 1.17 1.63
Sour :
Shell 10,000 5.0 24.4 $0.79/MM - 20, 21
Gasification conversion Btu of gas -
process of vacuum. or
. Resid at $3.57/bbl -
$2/bbl )
Delayed coking No econo- 22, 23, 24, 25, 9
VGO/VRDS Isomax mic data
Flexicoking 20,000 3.43 0.2 equiv. 17.9 2.73 1.51 0.24 - 26, 27, 4, 28
Lo 94% equiv.
20,000 3.66 0.2 equiv, 20.4 3.09 2,22 0.34 -
95% equiv,
20,000 4.6 0.2 equiv, 23.7 3.60 3.23 .0.48 -
96% equiv., .
Demetalization/} Vene- 25,000 5.6 1.27 77 23.9 2.89 1.17 - 1.32 29
Desulfurization| zuelan
metals
crude .
Vene- "~ 25,000 2.8 0.64 77 25.2 3.05 0.95 1,11
zuelan
metals
atm
resid
L.C. Fining Kuwait 40,000 4,05 1.0 75 33.4 2,53 1.21 30, -4, 31
atm 2
resid 4,05 0.5 88 34.3 2.60 1.35
Gach 2.6 1.0 62 29.8 2.26 1.04 .
‘- Saran ! 2.6 0.5 81 38.9 2.95 1.28
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Table D-4. COMPARATLVE CAPITAL COSTS OF THE CAFB, HDS AND FGD PROCESSES

—v Tve

PR - v e e B

32

Grass roots HDS unit

Grass roots HDS unit

64

CAFB ¢ with Hy production with H2 production Limestone Limestone

250 MM, (9000 bbl/d unit) (45,000 bbl/d unit) scrubbing scrubbing

20% A/F (supply for 225 MW) (supply for 1125 MW) | 200 MW unit | 500 MW unit
Process equipment in place $ 7,761,0002 $21,492,000% $3,254,000% | $ 6,350,0002
Process materials and labor 10,439,000% 28,908,000 4,377,000 |  8,542,0002
Total directs . $18,200,000 $50,400,000 7,631,000 | $14,892,000
Distributables 2,750,000 7,600,000 1,153,000P 2,250,000
Subtotal $20;950,000 $58,000,000 $8,784,000 | $17,142,000
Indirect costs 2,480,000 6,867,000 1,040,000 | 2,029,000
Total bare cost $23,430,000 $64,867,000 $9,824,000 | $19,171,000
Contingency 1,820,000 5,040,000 763,000 1,489,000
Fee 910,000 2,520,000 382,000 745,000
Total process investment $26,160,000 $72,427,000 $10,969,000 $21,405,000
New I.D. fan® )
Burner costsd 200,000 (cat.) 2,000,000 (cat.)
Total investment $26,360,000 $72,427,000 $10,969,000 | $21,405,000
Start-up costs _ 1,054,000% 2,977,000° 878,000 1,712,000
Interest duting construction 2,109,000 5,954,000 878,000 1,712,000
Ideal capital costs 523,975,905 | $29,523,000 $83,358,000 $12,725,000 | 24,829,000
$/kW 96 131 74 50

8proportiorned from total directs for CAFB 20Z A/F 200 MW unit.

bAdjust to CAFB/SWEC %.

€Allowance.

dSWEC allowance.

®Half normal charge due to advanced stage of HDS development.

fFrom reference 34.
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Table D-5. COMPARATIVE OPERATING COSTS FOR THE CAFB, HDS AND FGD

PROCESSES, $/yrd»32

Grass roots HDS unit

Grass roots HDS unit

CAFB with H, production with H2 production Limestone Limestone

250 MW, (9000 bbl/d unit) (45,000 bbl/d unit) scrubbing scrubbing

20% A/F (supply for 225 MW) (supply for 1125 MW) 200 MW unit 500 MW unit
Limestone or catalyst $ 250,000 $ 356,400 $1,782,000 $ 200,000 $ 500,000
Labor and supervision to operate 149,8C0 149,800 149,800 210,200 210,200
Steam Neg. 38,500 192, 300 138,000 345,000
Water Neg. 12,800 64,200 8,000 20,000
Power 722,833 311,800 1,559,200 315,000 787,400
Maintenance 809,400 728,000 2,016,000 610,500 1,191,400
Labor costs 27,000 45,600 45,600 45,600 45,600
Capital charges 3,572,410 4,398,900 12,420,300 1,896,000 3,699,500
Plant overhead 403,716 257,300 805,400 265,500 519,900
Labor overhead /15,000 15,000 15,000 21,000 21,000
Total $5,950,149 $6,314,100 19,049,800 $3,709,800 $7,340,000
stoa or sulfur credit (280,700) (1,403, 300).
Fuel for process heat 1,739,600 8,698,200
Net $7,773,000 $26,344,760
Mills/kWh 3.40 4.36 2.96 - 2.65 2.10
¢/10% Btu 34.0 43.6 29.6 26.5 21.0
%Basis: 7000 hr/yr, 2.5% S oil, $4/ton stone, 70¢/1000 1b STM, 1¢/kWh, 8¢/1000 gal. Hy0, 14.9%/yr capital charges,

$1.85/1liter for catalyst, $6/ton of HpSO4, O0il and $1.53/MM Btu for reheat, maintenance, at 8%/yr limes, 4%/yr CAFB,
CAT-0Ox and HDS as % of total direct investment, labor at $8/man-hour, plant overhead at 20% of O & M costs, labor
overhead at 10% of direct labor costs.



Operating costs for a 250 MW CAFB unit can be extrapolated from Westing-
house's data. The operating costs for HDS, FGD and CAFB are given in
Table D-5. ' The predicted'Operating costs for FGD are less than either

the CAFB and HDS.

It would appear from these most up—to—dateApredictions that the CAFB
process is not cost éompetitive with the limestone scrubbing FGD pro-
cess. However, it should be noted that the costs presented in Tables D-
and D-5 are projections and should be viewed skeptically. Indeed, pro-
jections from an earlier Westinghouse report34 presented in Table D-6

show that FGD should be twice as expensive as the CAFB procéss.

There are, at present, no actual cost figures available for FGD using

limestone scrubbers on oil-fired boilers. The only.economic data avail-

4

able for oil-fired boilers using FGD is for the Boston Edison plant ﬁith

a magnesia scrubber. The results show that in order for this system to

be economically competitive, a $3/bbl difference must exist between the
cost of high sulfur and low sulfur fuel oil.32 Since low sulfur oil can
. be prepared from‘high sulfur feedstock by HDS for under $3/bbl; it appea
that FGD using a magnesia scrubber is a costly way of meeting air pollu-

tion standards for SO2 emissions.

This may also be true for FGD using limestone scrubbing when actual cost

figures for FGD on oil-fired boilers or for the CAFB are evaluated.

Table D-6. 1972 PROJECTED COSTS FOR THE CAFB AND FGD PROCESSES,
¢/106 Btu, 370,000 1b steam/hr, new installation3%

rs

Desul-
Capital |furiza- Solids
charges |tion cost | Labor | Sorbent | Power |disposal | Total
Low sulfur oil 4.58 26.0 5.2 - 0.7 - 36.48
CAFB - 13.92 11.7 2.6 1.3 1.6 31.12
Conventional with 28.02 11.7 4.5 1.3 17.5 63.02

wet scrubbing

300
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