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SECTION 1
INTRODUCTION AND OBSERVATIONS

This report presents the results of the Task I, Literature Survey, portion of the
Fuel Quality/Processing Study project. The objective of the total study is to
provide a data base that can be used to establish an intelligent trade-off
between advanced gas turbine technology and liquid fuel quality. The objective
of Task 1 is to survey existing literature to define the properties and charac-
teristic of near-future (1985-2000 time period) petroleum and synfuels, synfuels
processes using coal or oil shale, fuel additives, on-site treatment processes,

and exhaust gas clean up processes.

Work on this project is being peformed by The Ralph M, Parsons Company for NASA-

Lewis Research Center under Contract DEN3-183.

Task I ~- Literature Survey is one of six tasks and serves as a basis for
performance of the remaining tasks. In Task I, a literature search was conduc-
ted. This was accomplished by acquiring and summarizing sufficient information
to define fuel quality, fuel treatment costs and process efficiencies.

The procedure used and method of presentation are discussed below.

1.1 LITERATURE SEARCH PROCEDURE

This activity was begun with the assembly of information from Parsons'
files and from contacts in the development and commercial fields. A further more
extensive literature search was carried out by using the Energy Data Base (EDB)
and the American Petroleum Institute (APl) Data Base. These are part of the

DOE/RECON system.

The DOE/RECON search consisted of matching fuel related key words, such as
coal liquids and Paraho process with physical/chemical property, production

technology, economics and environmental related key words.

it i b e



Approximately 6000 references and abstracts were obtained from the EDB
search. These were reviewed and the especially pertinent documents, approxi-
mately 300, were acquired in the form of paper copy or microfiche.

A classification system consisting of six major categories, three sequ~n-.

tial digits and five subcategories was developed for use in filing and retrieving
the documents. Appendix A of the report contains the classification number list
with abstracts of the document inventory acquired and used in the performance of
Task I. The document numbers in the list are used as the reference identifica-

tion for many of the tables within the report.

1.2 FUEL CHEMICAL/PHYSICAL Pi :v7 RTIES

A "Fuel Properties" form was developed for listing information pertinent
to gas turbine liquid fuel properties specifications. Fue! properties data for
liquid fuels from selected synfuel processes, deemed to be successful candidates
for near future commercial plants were tabulated on the forms. The processes
selected consisted of H-Coal, SRC-II and Exxon Donor Solvent (EDS) coal liquefac-

iton processes plus Paraho and Tosco shale oil processes,

Fuel properties analyses for crude and distillate syncrude process pro-
ducts are contained in Section 2. Analyses representing synthetic fuels given
refinery treatments, mostly bench scale hydrotreating, are contained in Section
3. A sizable actual commercial run through a mid-west refinery was made on
Paraho shale oil. An attempt was made to select properties analyses on most

reently produced liquid fuels for these sections.
Property analyses tabulations were made for over sixty fuel samples. These
represent an inventory of analyses useful for comparative purposes. These are

presented at the end of this report as Appendix B.

1.3 GAS TURBINE FUELS CRITERIA AND ON-SITE TREATMENT

Section 4 discusses gas turbine fuel specifications based on petroleum
source fuels as developed by the major gas turbine manufacturers. The advent of
synthetic fuels and relation to existing and future gas turbine design are

discussed.
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Section 5 presents the on-site ges turdbine fuel treatments applicable to
pet.oleum base fuels impurities content in order to prevent adverse cuntaminant
effects. The relation to synthetic liquid fuele is also discussed.

1.4 STATIORARY GAS TURBINE EM1SSIONS

Section 7 relates the environmental aspects of gas turbine fuel usage and
combustion performance. Certain of the synthetic liquid fuels, as produced, are
appreciably higher in nitrogen and some substantially lower in hydrogen content
than comparable petroleum based fuels. These pose l!()x and smoke emission prob-
lems.

1.5 GENERAL OBSERVATIONS

The literature search has resulted in what should be considered "prelimin-
ary" observations which later may be substantiated or revised during the perfor-
mance of project tasks.

It appears that the near future stationary industrial gas turbine fuel
market will require that some of the synthetic fuels be refined to the point that

they will resemble the petroleum based fuels. Guidance regarding the preferred
trade-off of fuel quality and cost will be developed in later project tasks.

1-3
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SECTION 2
CRUDE SYNFUELS PRODUCTION
PROPERTIES AND ECONOMICS

Liquid synfuels produced from coal and oil shale have some properties in common
with petroleum based fuels and also some differences. Changes in production
procedures, refining, storage and methods of feeding gas turbine combustors
relative to historical procedures used with petroleum source gas turbine fuels
will be required. Likewise, emission compositions will also differ; in many
cases emissions can be expected to be more objectionable and require treatments
not heretofore necessary.

This section summarizes production procedures, energy efficiemcies, estimated
economics for coal and oil shale based synfuels. It also summarizes physicel and
chemical properties of the crude synfuels, which in turn would represent feed-
stocks for refining and pretreatment steps prior to uses as turbine fuels.
Technologies included in this area are:

o Coal Derived Synthetic Fuels

(1) H-Coal
(2) SRC I1 (Solvent Refined Coal)
(3) Exxon Donor Solvent

o Shale 0il Fuels

(4) Paraho
(s) Tosco Il

Process information extracts of these processes follow.
2.1 H-COAL PROCESS
Process Type: Hylroliquefaction, Direct Catalytic

Main Products: Naphtha and wide boiling range low-sulfur fuel oil,
or synthetic crude oil,

Development Status: Pilot Plant in Startup Stage
Process Developer: Hydrocarbon Research, Inc. (HRI),
A division of Dynalectron Corporation,

McLean, Virginia

Process Sponsors: (1) Continental 0il Co.
(2) Mobil 0il Company

2-1
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: (3) Ashland 0il

* (4) Standard 0il of Indiana (Amoco)
(5) Electric Power Research Institute (EPRI)
(6) Department of Energy (DOE)

C 2.1.1 PROCESS DESCRIPTIONZ’]

| The H-Coai process contains three major process operations.

i (1) Liquefaction |
\

(2) Separation (solvent recovery/removal of insoluble solids).

SUATeY T Al T UK

(3) Hydrogen Manufacture

The integration of the units is depicted in the H-Coal block flow diagram, Figure
2-1.

A simplified flowsheet of the H-Coal PDU is shown in Figure 2-2.

In the liquefaction unit, crushed coal is slurried with recycle
solvent, and the coal slurry then mixed with plant makeup hydrogen. The coal
slurry hydrogen mix is preheated in a co-current radiant type fired heater and

\ fed to the reactor. Recycle hydrogen is also preheated and fed to the reactor.
The coal slurry and hydrogen flow upward through an expanded bed of hydrogenation
catalyst. Internal and/or external liquid recycle may be used to maintain the
catalyst in an ebullated state. Two reactors in series may be required for coals
of low rank.

The reactor product liquid and coal residue are withdrawn as a

slurry and reduced in pressure by means of a high-pressure drop control valve.

Flash gases are separated and sent to an atmospheric distillation unit. Flash

liquid is sent to a vacuum distillation unit for recovery of solvent and syn-

é crude. For low-sulfur fuel oil production, solids are removed from the liquid
stream prior to vacuum distillation.

A proportion of the flash liquid is clarified by hydroclones and
recycled to the reactors.

Hydrogen-rich gas is withdrawn from the reactor and cooled at
reactor pressure to remove heavy hydrocarbons and water, then scrubbed to recover
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light hydrocarbons. A proportion of the scrubbed gas is purged from the process
and used as fuel and for hydrogen manufacture. The remainder is recycled to the
reactor. Separated hy: rocardons are fed to the atmospheric distillation unit.

Recovered solvent from the distillation units is slurried with
fresh coal to repeat the cycle. Heavy bottoms and coal residue from the vacuum
unit go to a gasifier for hydrogen production.

Reactor residuum content:

It has been found that the concentration of residuum in the reac-
tion zone has a significant effect on the conversion of coal to distillate
products. Increasing the residuum content of the reactor slurry from 21.1 to
33.0 wtX reeulted in a 302 reduction in required reactor residence time, and
increased the 047975°F distillate yield by 11Z.

Coals Processed:

Lignite, Brown Coal, sub-bituminous, bituminous C, high volatile
bituminous.

2.1.2 INTENDED PRODUCT USE/MARKET

HRI has prepared a process design for a hydrogen refinery to up-
grade the coal liquids to gasoline and furnace oil. 4 Naphtha, middle distil-
lates, and heavy gas oil are hydrotreated to reduce sulfur and nitrogen levels.
Middle distillates are hydrocracked to light and heavy naphtha. Crude naphthas
and hydrocrackates are upgraded by catalytic reforming to high octane gasoline
blending stocks.

Vacuum bottoms from the H-Coal process are coked to yield sddi-
tional heavy gas oil and a coal residue (Char-Ash-Coke).

23,500 tons per day (TPD) of Illinois No. 6 cosl are converted to
50,000 barrels per stream day (BPSD) of liquid fuels. ‘

2-3
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2.1.3 PROCESS EFFICIENCY (I1linois No. 6 coal feed)

Synthetic
Crude
A. Thermsl efficiency
Product only, % 1%.7
Overall, including
net utilities, % 62.7
B. Utilities, per ton dry coal
Power, kWh 201
Fuel (coal), MM Btu 0.96
Raw water, gal. 661
C. Hydrogen consumption
wtX MAF coal liquefied 5.44
SCF/bbl net oil 6210
D. Catalyst 3
Average life of cobalt N/A
mo lybdenum

catalyst for low sulfur fuel,
1b coal/lb catalyst

2.1.4 UNIQUE FEATURES OF PROCESS

Main features of the process are:

Sulfur
Fuel 0il

62.6

56.0
157
0.

501

3.57
4354

1000

Coal slurry hydrogenation in a catalytic ebullating bed reactor,

recycle of residuum to the reactor, product oil used to slurry coal, and sddition

of molecular hydrogen to reactor.

2.1.5 PROCESS STATUS

A. Deve lopment Status

A 3-TPD continuous process development unit began operation

1971.




Design for a nominal 200-600-TPD pilot plant began September
1974 which was constructed at Catlettsburg, Kentucky. Startup of major process

sections is presently underway with operation by Ashland Synthetic Fuels, Inc., &
wholly owned subsidiary of Ashland 0il, Inc.

B. HR1 Patents

0030-3,519' 553
U. 80-3. 519'555
U.S.-S, 560. 995
v. 80-3'617 .47‘0
U.S.-3, 700. 584

C. Location of Development Work

PDU located at HRI laboratory, Trenton, New Jersey. Pilot
scale plant located adjacent to the Ashland 0il Refinery at Catlettsburg,
Kentucky.

D. History

The H-Coal process is a related application of the ebullated
bed H-0il process, developed by HKI and Cities Service 0il Company to convert
heavy petroleuem o0il residues into lighter fractions. First H-0il commercial
installation put into operation in 1963.

Early development of the H-Coal process began mid 1960s in 25
1b per day bench-scale units sponsored by the Office of Coal Research (OCR) until
September 1967. From 1968 to 1970 the program was supported by ARCO, and from
1971 to 1972 by a consortium of six companies. A 3-TPD PDU began operation 1971.
From 1973 to 1974 the program was supported by a consortium of four companies.
Since 1974 four oil companies, EPRI, and DOE have sponsored the program.

Approximately 1200 days of operstion were obtained in the
bench-scale units, and 147 days in the PDU.

PDU tests since 1974 have been directed towsrds confirming

the design basis for 600-TPD pilot plant. Liquid/solid separstion schemes are
also currently being studied.

2-5
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The pilot plant was designed to process:

(1) 633 TPD coal to 1920 BPSD 0.7 weX 8 fuel oil or,
(2) 210 TPD coal tc 740 BPSD synthetic crude.

2.1.6 PRODUCTS

The major liquid products consist of naphtha, middle distillate,
600°l’-pluo distillates and residual oils. The properties of these products are
tabulated in Tables 2-1, 2-2, 2-3 and 2-4. Coal source of the liquids described
in these tables was Illinois No. 6, Burning Star lliuo.s

H-Coal naphtha is high in oxygen and basic nitrogen, due to the
presence of phenols, snilines and pyridines. Neither the naphtha nor the fuel
o0il meets existing gasoline or distillate fuel oil specifications, due in part to
relatively high levels of sulfur, nitrogen, and oxygen. Sulfur and nitrogen aleo
interfer with standard refining processes that are uwsed to make gasoline, such
as reforming, and would need to be removed by, for example, hydrotreatment. The
naphtha contains predominantly cyclic compounds and, upon refining, should yield
high octane gasoline and hydrogen, primarily due to dehydrogenation of naph-

thenes.
2.2 SRC PROCESS

Process Type: Hydroliquefaction
Main Products: SIG

Li.ht Diuﬂhtc Oils
Reavy Distillate Oils
SRC

Deve lopment Statust Pilot Plant Demonstration Plant Design

Process Developers :6

(1) Pittsdburg and Midwey Coal Mining Company
(PAMNO), & subsidiary of Gulf 0il Co.:

PAMCO operstes s nominal 48-TPD pilot
plant located at Fort Lewis, Washing-

ton and @& bench scale POU located at
Merriam, Kansas.

2-6
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(2) Catalytic, Inc. (Southern Company Services,
Manager):

Catalytic operates a 6-TPD SRC I pilot
plant located at Wilsonville, Aladama.

(3) Colorado 8chool of Mines (CSM):

C8N operates ladboratory-scale units at
Golden, Colorado.

Process Sponsers:

(1) DOE sponsors development work performed
by PAMCO and CSM,

(2) DOE and EPRI cosponsor SRC I development
work performed by Catalytic, Inc.

2.1.1 PROCESS DESCRIPTION

Pigure 2-3 shows the SRC Il process. Driec and pulverized coal is
fed to the slurry mixing vessel, where it is mixed with a slurry recycle stream.
The slurry recycle is a fiashed stream from the vapor-liquid separation section
containing dissolved and undissolved coal, including the coal ash. The minersl
contents of the cozl act as a catalyst in the dissolving, hydrocracking, end
hydrogenation reactions; hence, for the same residence times, the deyree of
resction, as measured by the hydrogen consumption, is substantially increased in
the SRC II mode, or slurry recycle mode, over the SRC I mode. The entire slurry
is pumped from the mixiug vessel and the recycle plus make~up hydrogen is injec~
ted into the stream shead of the slurry heater. The entire mixture is heated to
about 700°F in the slurry hester and then enters the dissolver.

Resction heat incresses the temperature of the resctants to over
800°F. The reactor effluent is then let down in pressure and cooled in several
flash separations in the vapor-liquid separation section. The gases separated
ave sent to an acid-gas removal section for OD2 and uzs removal. The gases then
sre cryogenically separated into hydrogen, methane and LPG streams. The hydrogen
is purified and recycled. The methene is purified by methanation and dehydration
to pipeline gas. Part of the slurry liquid stream is recycled to the slurry
mixing tank; the balance fed to & vacuum tower. Here fuel oil is distilled and a
mineral residue slurry discharge from the bottom. The light liquid stresm from
the gas-liquid sepasrator is separated into naphtha and fuel oil fractionms.
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A.

c.

F.

G.

up hydrogen required for the dissolver.

Traen T RS R R TR S FTAAVERL RIS T T

The mineral residue slurry is sent to an oxygen blown gasifier
vhere synthesis gss is generated, then shifted and purified to produce the make-

through an acid gas removal unit and is used as plant fuel, sulfur being
recovered from the separated hydrogen sulfide

Hence, this operation would produce only gases eand liquid:

SNG, LPG: Cys €,
Light Oils: 18P - 400°F
Middle Distillate Fuel: 400 - 550 °F
Heavy Distillate Fuel: 550 - 950°F

2.2.2 OPERATING CONDITIONS

Temperature: 700 - 900°F
Pressure: 1,000 - 2,500 psi

Coal Residence Time: 15 - 150 min.

Coal Space Velocit

(defined to be equal

to lblg coal feed 3
per ft~ reactor): 15 - 100 1b/h/ft

Conversion (MAF
conversion is defined
to be equal to

100 - 1b unreacted organic solids x 1002): 80 - 95%
100 1b MAF coal feed

Coals processed: Kentucky No. 9 and No. 14 Coals
Illinois No. 6 Coal

Pittsburgh No. 8 Coal
Wyodak, Wyoming Coal

*
Catalyst: None
Vehicle: Hydrogen (for hydrogenation)

Solvent (for coal dissolving)
Solvent (as H, donor solvent)
Coal ash (as pseudocatalyst)

N Py N T T T i TP & " e s il . o ol

*Although no catalyst is used, it is believed that the minerals in coal
(and the slurry recycle if used) have a pseudocatalytic effect; slurry
recycle, or SRC 1I, increases hydrogenation of the coal pr2sumably

due to this pseudocatalytic effect.
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I. Reaction varisbles: Reaction temperature
. (affecting the MAF Reaction pressure (H
! conversion snd/or aniltered-clurry-reZycle to coal ratio
hydrogen consumption) Filtered-solvent-recycle to coal ratio

Reactor residence time

Type of coal

partial pressure)

e oy < g Aty s

J. Recycle Wt Ratios:

PN

Slurry to Coal 2
1

1
Solvent to Coal 1

K. Yields (wtX MF Illinois No. 6 Coal Feed):

VO s . oy 2y e g <

cl 4.7

é 03 3.87

¢, 1.88

;

{ co -

5

% co2 1.06

§ NH3 0.24

. H,0 2.67
Light 0il 6.50
(IBP - 400°F)
Wash Solvegt 7.34

H (400 - 500°F)

; Process So%vent 15.25 o

' (500 - 850 F) (500 -~ 950°F)
SRC 850 °F+ 36.70

]
Ash 12.13
r Unreacted Coal 6.78
Total (including 104.7

H, consumption)




L. Characteristics (typical):

1) Light 0il Composition (wtX)

c 78.92
B 14.31
N 0.31
8 0.31
o 6.15
Ash -
100.00

Gross Heating Value

(Btu/1b) 19,890
Boiling Range 400°F

2) Wash Solvent Composition (wtZ)

c 81.61

B 10.90

N 0.68

s 0.27

0 6.54

Ash -
100.00

Gross Heating Value

(Btu/1b) 18,134

Boiling Range: 400 - 500°F

3) Process Solvent Composition (wtZ)

c 83.41

R 9.18

N .11

s 0.33
2-10
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Ash

Gross Heating Value
(Beu/1db)

Boiling Range

4) SRC Composition (wtX)

c
H
N
S
o

Ash

Fusion Point:
Boiling Range:

Gross Heating Value
(Btu/1b):

2.2.3 INTENDED PRODUCT USE/MARKET

A. SNG and LPG:

The hydrocarbon gases produced by the SRC II process consti-
tute a high-Btu fuel gas. After recovery and purification, the SNG may be used

as plant fuel gas and/or sold as pipeline quality gas.

products available from the SRC II process.

5.97

100.00

17,376

500 - 950°F

86.70
7.41
1.61
0.44
3.84

100.00
300°F(8)

950°F+

16,926

B. Naphtha and Middle Distillate Oil:

The naphtha or middle distillate 0il product must by hydro-
treated for heteroatom (N, S, and 0) removal; them it is valuable as a good

reformer feedtock, as a precursor to lead-free gasoline due to its high aromatic

and naphthenes content.

LPGs are also marketable
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C. Heavy Distillate Fuel 0il:

Heavy distillate fuel 0il may be marketable to the utilities

\ industry as a No. 6 residusl fuel oil and can be made suitable as a gas turbinme
: fuel.

3

‘ Tables 2-5 and 2-6 present the properties of the syncrude
é\ fractions which are likely candidates as gas turbine fuels.

2.2.3 PROCESS EFFICIENCY

A. Thermal Efficiency:

e 0il/Gas Conceptual Commercial Plant9: 77.6%

o Utilities sincluding slurrying, dissolving, and filtra-

tion only)
Basis: 1 ton moisture-
free coal
l Fuel Gas (internal consumption: 780 M Btu
| Cooling Water: 250 gal
Power: 66 kWh
High-pressure Steam: 310 1b generated
Low-pressure Steam: 80 1b generated
Hydrogen Consumption: 4.7 1b per 100 1b dry coal

! 2.2.5 UNIQUE FEATURES OF PROCESS

(1) The process can produce a liquid or solid boiler fuel,
depending on the amount of hydrogenation and the amount of
lighter organic liquids (wash and process solvents) included
in the boiler fuel blend.

. (2) The process can use synthesis gas (CD*Hz) or hydrogen ‘or
liquefaction; also the solvent is believed to act as a donor

of hydrogen to the coal.

(3) The reaction is a three-phase reaction: gas, liquid, and
solids.

2-12
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(4) Although the process is noncatalytic, it is believed that the
minerals in the ash act as a pseudocatalyst in promoting
hydrogenation.

(5) There is an optimal band of operating temperatures for good
conversion (90%) of MAF coal to gas, liquids, and SRC. Below
this band, conversion is limited by the Arrhenius reaction
rate; above the band, thermal cracking and coke formation

limit conversion.

2.2.6 PROCESS STATUS

A. Development Status

Two pilot plants are operational. Also, there have been
several conceptual designs of commercial-size coal liquefaction plants using the
SRC I and II processes. At the present time, DOE has defined funding require-
ments and is making plans for the design, construction, and operation of a

demonstration plant.lo

The process has been patented (U.S. Patent 3,361,447).11

B. History

Solvent refining of coal dates back to the Pott-Broche
process developed in Germany in the 1920s. The process was utilized by Germany
in World War II for the production of a raw material for carbon electrodes for
aluminum plants. In the 1950s, R&D work on a modified Pott-Broche process was
performed by the Spencer Chemical Company. In 1962, the U.S. Office of Coal
Research (OCR) awarded a research contract to Spencer for technical evaluation of
the SRC process. The process was demonstrated in a 50-1b/h, continuous-flow PDU
in Merriam, Kansas. At the time, Gulf 0il Corporation acquired Spencer and
reassigned the SRC project to The Pittsburgh and Midway Coal Mining Company. 1In
1966, OCR awarded PAMCO a contract for a study of the commercial feasiblity of
the process to include design, construction, and operation of a 50-TPD pilot

plant. Stearns-Roger Corporation completed design of the plant in 1969 and after

2-13
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s delay due to lack of funde, detailed engineering and construction were awarded
to Rust Engineering Company. The plant started up in late 1974 and has been in
operation since then along with the PDU in Merriam, Kansas. A 6-TPD SRC pilot
plant was built in 1974 by Catalytic, Inc., which operates it now under the
sonsorship of DOE and EPRI. southern Company Services, Inc. serves as project

manager,

There are many supporting studies for the SRC process,
including product testing, product upgrading, process evaluations, and mechan-

cial equipment testing.

2.3 EXXON DONOR SOLVENT (EDS) PROCESS

Process Type: Hydroliquefaction, Indirect (Donor Solvent)
Main Products: Naphtha and wide boiling range low-sulfur fuel oil

Deve lopment Status: Pilot plant,

Process Developert Exxon Research and Enginee-ing Company, Florham Park,
New Jersey
Process Sponsors: Exxon Corp.
Electric Power Research Institute (EPRI)
12

2.3.1 PROCESS DESCRIPTION
The EDS process contains four major process unit operations:
(1) Liquefaction
(2) Separation (solvent recovery)
(3) Solvent Hydrogenation
(4) Hydrogen Manufacture

The integration of these units is depicted in the EDS block flow
disgram (Figure 2-4). A simplified flowsheet of the EDS liquefaction and separa-
tion units is shown in Figure 2-5.

In the liquefaction unit, crushed coal is slurried with recycle
solvent and preheated to reaction temperature. The hot coal slurry is mixed with
preheated hydrogen recycle and the combined stream fed to the liquefaction

Teactor.
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The product from the liquefaction reactor is separated into ges
and liquid/residue streams in the hot high-pressure separator. The gas stream is
cooled to remove heavy hydrocarbons and water, and then scrubbed to remove acid
gases.

The liquid/residue stream is reduced in pressure and flash gases
separated. The flash-gas is processed to recover heavy hydrocarbons. The slurry
product is sent to the separation unit wvhere gas, naphtha, recycle solvent,
distillate, and heavy bottoms (containing all the solid residue from the lique-
faction, and some very high boiling hydrocarbons are separated by distillation.
Liquids boiling up to 1000°F are recovered from the product slurry by vacuum
distillation, and then further fractionated into light vacuum gas oil, boiling up
to 700°F, and a heavy vacuum gas oil product. The light vacuum gas oil is
combined with other recovered liquid hydrocarbon streams and this material is fed

to the hydrotreating system.

The liquid product is fractionated to remove lighter and heavier
boiling range components from the recovered solvent. The excess solvent is

removed from the system as a product.

In an earlier alternative version of this process only recycled

solvent is hydrotreated.l3

Fixed-bed catalytic reactors are used for solvent hydrogenation.
The reactors are provided with quench hydrogen for temperature control. High
pressure hydrogen-rich gas is cooled to remove heavy hydrocarbons and water, and
then scrubbed to remove acid gases. In an earlier alternative version of the
process, solvent was hydrogenated with gas from the HT/HP separator, and liquid

feed was used for quench temperature control.la

Scrubbed gases from the hydrotreater and liquefaction reactors are

compressed and recycled to the liquefaction unit.
Hydrotreated liquid is reduced in pressure and flash gases separa~

ted. The flash-gas is processed to recover heavy hydrocarbons. Flashed liquid
is fractionated, as described above, for solvent recovery.

2-15
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2.3.2

Recovered solvent is slurried with fresh coal to repeat the cycle.
Heavy bottoms and solid residue go to a gasifier for hydrogen production.

Gas generated from the process is used as fuel and for hydrogen

. OPERATING CONDITIONS

A.

Liquefaction

Pressure, atm
Temperature, °
Solvent/Coal, wt/wt

H,/Coal, wtX MAF coal

2 SCF/1b coal
Residence Time, min
Conversions

“2' wtX MAF coal

H,, SCF/bbl oil
Catalyst

Solvent Hydrogenation
Pressure, atm
Temperature, Op

H,/0il, SCF/bbl

Coal Processed

Bituminous/ 1

Sub-bituminous 2

100-175
700-900
1.2 - 2.6

N/A
N/A

N/A

N/A

N/A

none

80 - 210
500 - 840

N/A

Space Velocity, wt/hr/wt 0.2 - 4,0

Conversion
“2’ wtX MAF coal

“2' 8CF/bbl oil

N/A

N/A

2-16
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123
825
0.5

5.75
8.2

36

1.74

630

none

122
725
4730

4.0

1.30
630
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Catalyst commercial multi- cobalt molybdate
metallic catalysts on silica=alumina

Reaction Variables:

A wide range of process conditions have been studied by Exxon. Coal
conversion has been correlated with a solvent quality indcx.lz The quality
" index varies with the degree of solvent hydrogenation. Details of the
"\ | index are proprietary. These correlations show that the addition of mole-

E cular hydrogen to the liquefaction reactor significantly reduces the
' % solvent quality requirement.
i
Coal Processed: Bituminous and sub-bituminous coals.
\
b
i 2.2.4 PRODUCTS12
*
Heavy Naphtha 392° + Fuel 0il
Raw Hydrotreated Raw Hydrotreated
Liquid Liquid Liquid Liquid
Nominal Boiling Range, °F 158/392 158/392 392/1004 392/1004
" Distillation, °F:
10 wtX 223 198 477 462
; 50 wtX 356 315 694 657
»
| * 90 wt2 390 360 811 77
; Density (g/em’): 0.87 0.80 1.08 1.01
Elemental Analysis, wt2:
c 85.60 86.80 89.40 90.80
’ h
1 0 2.82 0.23 1.83 0.32
r :
5 0.47 0.005 0.41 0.04
Higher Heating Value,
Btu/1b: 18315 19304 17110 18900
* °
Excludes C6/158 F naphtha cut
2-17
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2.3.5 INTENDED PRODUCT USE/MARKETS b
(1) Naphtha

The (C, = 158°F) and (158 = 392°F) fractions are identified ae
potentially valuable naphtha blending stocks.

(2) Low=Sulfur Fuel 0il (iSFD)

The LSFO consists of a mid-distillate and s heavy gas oil.
Economic studies have shown that these cuts are potentially
valuable.

(3) Chemicals

Specialty product chemicals can be separated from the naphtha
and LSFO,

(4) Table 2-7 and 2-8 present recent product characteristics for
geas turbine fuel candidate fractions.

2.3.6 PROCESS EFFICIENCY

A. Thermal lfficicnc!lz

Product only, Z: 80 - 90

Overall, including net utilities, X: 65 - 75

5. Comsumption 1* f

wtX MAF cosl to liquefaction unit: 3.04

wtl liquid yield: 6.2 - 7.3

2-18
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; OF POOR QUALITY
C. Catalyst:

Cobalt molybdate catalyst life (between rcgoneratlono) - over
one year.

z 2.3.7 UNIQUE FEATURES OF PROCESS i

Main features of the process are: Noncatalytic proprietary lique- i
faction reactor, production of the donor solvent in & £ixed=-bed catalytic hydro- |
genation reactor, addition of molecular hydrogen to the liquefaction reactor,
and vecuum distillation to separate unconverted coal, ash, and liquids boiling
over 1000°F from the reaction product.

e+ o ——— ————— . = WO T

2.3.8 PROCESS STATUS

A, Deve lopmeit Status:

; One-ton-per-day continuous pilot plant constructed July 1965
; and put in productive operation. Basic design specifications for a 250-TPD pilot
: plant were made from this unit.

B. Exxon Patents:

v.8. - 3.645.385
g , U-s- - 3'726’7810

i C. Location of Development Work:

Construction on the large scale pilot plant located adjacent
to Exxon's Baytown, Texas, refinery was completed early in 1980 with operation
projected to begin in April or May of 1980

‘ 2.4 PARAHO SHALE OIL PROCESS
F Process Type: Pyrolysis via Partial Oxidation

F Main Products: Fuel 0il, High-Btu gas

2-19
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Development Status: Pilot Plant
Process Developer: Development Bngineering, Inc.
Process Sponsor! Paraho Development Corporation

2.4.1 PROCESS DESCRIPTION!’

The vertical dewnflow retort constitutes the major operating
equipment for this process. This is diagrammed ia figure 2-6. The retort is
3 sinilar to a vertical lime-burning kiln. Crushed oil shale is continually
9 charged at the top of the unit and mechenically spread to provide a uniform bed.
' The crushed oil shale flows downward countercurrently to hot vapor and gas upflow
fueled by three stages of gas/air mixtures, the major heat source being combus-
; tion of coke in the spent shale.

Shale oil vapor is collected and flows to the oil recovery unit.
Spent shale is discharged out the bottom through patented moving grates.

FPigure 2-7 is a diagram of the Paraho process. Twu basic modes of
} operation are shown, one with air fed directly into the shale as previously
described and an alternate recycling product gas (heated by durning coked epent
shale with air).

Development Status:

Prior to 1977 plant tests up to 32 days duration had been completed
at the Anvil Points, Coloredo facility. An oil yield of 98 percent of the
Fischer-Assay was reported with an additional yield of 850 scf of 856 Btu/scf
heating value gas per ton of shale retorted.

2,4.2 PRODUCT

Subsequently, 100,000 barrels of crude Parsho shale oil were
produced and sent to s msjor oil refinery for refining into military specifica-
tion fuels. The reported and published preliminary resules!t in early 1979
indicated that fuels meeting military specifications (JP-5, gasoline snd diesel
fuel marine) and possessing good storage stability cen be produced from crude




; sl
5

2
; shale oil. It was also demonstrated that crude shale oil can be processed in

comercial refinery equipment.

¥

Tables 2-9, 2-10 and 2-11 present the chemical and physical

i
P
3 properties of Paraho shale oils which are considered candidates for further
; treatment to produce proper gas turbine fuels.
o
;‘ @ 2.5 TOSCO Il SHALE OIL PROCESS
S -
) | Process Type: Pyrolysis, Direct
i Main Products: Fuel oil, High-Btu ges

; ‘ Development Statust Pilot Plant
L. : Process Developer: Tosco Corporation (Colony Project)

Process Sponsor: Tosco Corporation

. R -y

! 2.5.1 PROCESS DESCRIPTION (refer to figure 2-8)

} Shale is heated and l1ifted by the hot flue gas from the ball heater

', in the 1ift pipe. The preheated feed is contacted with heated ceramic balls in 3
rotating drum retort. The ceramic balls are separated from the spend shale in s
! trommel screen at the outlet of the retort. The spent shale generates steam in
the cooler. The ceramic balls are elevated and charged to the ball hester where
they are heated to the required temperature by burning fuel gas. Pyrolytic
vapors are cooled and the gas, tar, and water separated.

)

} 2.5.2  OPERATING con~rTions!’

; ] Temperature: 800 - 1000°F pyrolysis
Pressure: stmospheric
Residence time: S - 10 min.
Vehicle: rotating drum
Reaction varibles: reactor temperature
0il shale feed particle size: minus 1/2 inch

2-21
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2.5.3 UNIQUE FEATURES OF PROCESS

o The use of ceramic balls - the balls, which are heated by
direct firing of a fuel gas, act to transfer heat and grind up
the coal in the pyrolysis drum and trommel.

® A rotating pyrolysis reactor.

e The TOSCO II process recovers as oil or gas substantially 100
weight percent of the total hydrocarbons produced as oil or
gas by Fischer Assay. The valuable light gases produced (B
CO and cl through c hydrocarbons) are some 20 weight percent
of the cs and heavxet crude shale oil produced.

A, Deve lopment Status:

A 1,000-TPD oil-ghale, semi-works plant has operated at Para-
chute Creek, Colorado. Several 50,000-BPD oil-from-shale plants using TOSCO II

have been proposed.18

The process and various equipment used in the process have
several patents applied to it for the retorting of shale.

The development work was performed by Tosco Corporation at
the Rocky Flats Research Center, Golden, Colorado.

B. Historx:

TOSCO, in cooperation with other companies, had developed the
TOSCO II process for the retorting of oil shale. The process has been demon-
strated at the 1000-TPD semi-works plant at Parachute Creek, Colorado. At the
Present time, there have been several commercial size plants proposed to produce
approximately 50,000-BPD of shale oil.

Early in April, 1980 Tosco Corporation announced they were making
plans for the construction of a 50,000 BPD commercial plant.

2-22
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2.5.4 UPGRADING OF PROpUCTs!?

Plans for commercial oil shale processing by Colony include up-
grading principally for the purpose of removing nitrogen compounds abundantly
present in crude shale oil. These compounds are catalyst poisons in refining
processes such as reforming, catalytic cracking and hydrocracking. Nitrogen
compounds also contribute to formation of nitrogen oxides when o0il is burned in
conventional combustion equipment. Crude shale oil has a nitrogen content of
about 1.9 weight percent. For comparison, heavy crude oil from the Los Angeles
basin, one of the highest nitrogen crude oils processed in this country, contains

about 0.6 weight perceat nitrogen.

The proposed Colony upgrading units, as shown by Figure 2-9,
include coking, hydrotreating of gas oil and naphtha, gas treating, hydrogen
production and recovery of ammonia and sulfur. Upgrading with the units des-
cribed above has benefits in addition to removal of nitrogen. Table 2-12, 2-13
and 2-14 show the properties of crude shale oil, bottomless crude shale oil and

the hydrotreated oil produced by upgrading for the proposed Colony design.

As shown, the hydrotreated oil is a sulfur free distillate product
low in nitrogen content. In addition to removing sulfur and nitrogen, upgrading
reduces the viscosity of the o0il, thus reducing pipeline transportatiom costs,
and eliminates, by the coking step, any processed shale residue that may be

present in the crude shale oil.
2.5.5 PROBLEM AREAS
o Ceramic ball attrition.
o Process efficiency can be expected to be lowered due to low

pressure operation and ceramic ball system.

2.6 SYNCRUDE COSTS

The estimated fixed capital investment (FCI) costs and estimated required
product selling prices (RPSP) for the syncrude products produced by the above
described processes from published literature are listed in Table 2-15. For

2-23
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purposes of comparison, published cost estimates were ad justed to a uniform plant
capacity of 100,000 barrels per day of product equivalent and early 1980 dollars.
The price per barrel range of $21 to $25 for the syncrudes appear competitive
with current crude oil import prices.
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % POUR POINT, °F [ |
HYDROGEN, WT % 11.6 VISCOSITY, KINEMATIC, c§
OXYGEN, WT % 100°F 0,95
NITROGEN TOTAL, WT % .3 122%F
SULFUR TOTAL, WT % .2 210%F
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 4.9 100°F
OLEFINS, VOL % 26.4 122°F )
NAPHTHENES, VOL % 57.0 210°F
AROMATICS TOTAL, VOL % 10.3 COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMSB., BTU/LS 18597
ON 100%, WT% THERMAL STABILITY
ASH, WT % <10. ASTM D-482 JFTOT, BREAKPOINT TEMP., °F [ 1
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
WATER, VOL % TRACE METAL AN:'LYSIS, PPM
WATER & SEDIMENT, VOL % 0.5 2.3
WAX, WT % \ :: 005 50
WAX, MELT TEMPERATURE, °F Ca o8 50—
VOLATILITY cd
DISTILLATION TEMP., °F MAX ASTM D-86 Cr. total
INITIAL BOILING POINT 98 Cu jetected :
10% EVAPORATED 182 Fe, total A ﬂc ? |
50% EVAPORATED 222 Hg | Np(.02)] =~ 2 2GR
90% EVAPORATED 400 K .07 3_3
FINAL BOILING POINT 452 Mg .01
RESIDUE, VOL % Mn
FLASH POINT, °F 9. Mo
GRAVITY, °AP 35. Na 3
GRAVITY, SPECIFIC, 60°F Ni .1
100°F Pb .2
210°F ? =
NOTEgarbon wt 84.9 Molecules wt 110, Ti ND(2)
Oxygen wt? 3.0 Y/ .1
Chlorine ppm S. Zn
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPE_Naphtha __H-Cosl Source
FROM REFERENCE 2036 "Analytical . ...
RMP JOB NO. 6009-1 TABLE 2-1 PROPERTIES Studijes for the H-Coal
Process" SHEET _OF ___
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON,WT % POUR POINT, °F =35 1
HYDROGEN, WT % 9,7 VISCOSITY, KINEMATIC, ¢S
OXVGEN, WT % 100°F 3.369
NITROGEN TOTAL, WT % 0.4 122% 1.224
SULFUR TOTAL, WT % 0.1 10°¢
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100%¢
OLEFINS, VOL % 122%
NAPHTHENES, VOL % 210%F
AROMATICS TOTAL, VOL % 46. COMBUST
NAPHTHALENES, VOL % 1on
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB 18068
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMS., BTU/L8
ON 100%, WT% THERMAL STABILITY
ASH, WT % ‘ JFTOT, BREAKPOINT TEMP.%¢ [ I
ASH MELT TEMPERATURE, °F 10 ASTM D-482 TOR AP
FILTERABLE DIRT, MG/100 ML
WATER, VOL % TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL % A 1.5
WAX, WT % As 005
WAX_ MELT TEMPERATURE, °F Ba
Ca 1
VOLATILITY cd
DISTILLATION TEMP., °F MAX ASTM D-2887 Cr. total
INITIAL BOILING POINT 408 Cu
10% EVAPORATED 443 Fe, total 2.2
50% EVAPORATED 509 ] .14 9
90% EVAPORATED [ 583 K 03
FINAL BOILING POIN 657 Mg .01
RESIDUE, VOL % Mn
FLASH POINT, OF 295 _ Mo
GRAVITY, “ap| 15.1 N -2
GRAVITY, SFECIFIC, 60°F Ni |
100°%¢ Pb .1l
210% Se
NOTES Wt% of 400°F+ Cut 90.3 S | ND(S)
Carbon Wt2 88.8 Molecule Wt 180. A L ND(2)
Oxygen i. v a2
. 2§_. Zl'l
400 - 650°F H-Coal Source
FUEL QUALITY/PROCESSING STUDY FUEL FUEL Tvpe 200 - 650 ¥ B-Cos
FROM REFERENCE A-036
RMP JOB NO. 6009-1 TABLE 2-2 PROPERTIES
SHEET __OF ___
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % POUR POINT, °F C =45 1 as™M n-97
HYDROGEN, WT % VISCOSITY, KINEMATIC, cS

1 OXYGEN, WT % 100%¢ 416 ASTM_D-445 {

3 NITROGEN TOTAL, WT % 122% .

SULFUR TOTAL, WT % 0.1 210% 5

SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV.. SEC

PARAFFINS, VOL % 100°F

OLEFINS, VGL % 122%

NAPHTHENES, VOL % 210%F

AROMATICS TOTAL, VOL % COMBUSTION

i NAPHTHALENES, VOL %

POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB 18039 ASTM D-2382

f OM 100%, WT% THERMAL STABILITY

‘ ASH,WT % __ASTM D4GR2 JFTOT, BREAKPOINT TEMP., °F C I 4

ASH MELT TEMPERATURE, °F TOR AP

. ;.:;::.Avs;f :lRT, MG/100 ML TRACE METAL ANALYSIS, PPM Emigsion Spec troscopy

1 WATER & SEDIMENT, VOL % 31.6 A a3

‘ WAX, WT %

WAX, MELT TEMPERATURE, °F

VOLATILITY

DISTILLATION TEMP., °F MAX ASTM D-1160

3 INITIAL BOILING POINT 414
] 10% EVAPORATED T"An
50% EVAPORATED | s14

90% EVAPORATED ({y]

FINAL BOILING POINT 670

RESIOVE, VOL %

FLASH POINT, °F 235 ASTM D-5693

GRAVITY, %aP1 13.6 Dig. Density Meter |

GRAVITY, SPECIFIC, 60°F

100°F

210%F

62-¢

total
total 13

a3
23

£
i

1.1 i
.1 i
.1

et A s e o e s o Lt

S.
ND(2)
.2

NOTES
weX of 400°F + cut 100

N<ACQWIZZFFE FIOCLORR

G L e ad

FUEL FUEL TYPE_400°F ¢+ H-Coal Somrce

FUEL QUALITY/PROCESSING STUDY
FROM REFERENCE A-036

E RMP JOB NO. 6009-1 TABLE 2-3 PROPERTIES
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % POUR POINT, °F Cso.
HYDROGEN, WT % 8.0 VISCOSITY, KINEMATIC, ¢S
OXYGEN, WT % 100°F 121.7
NITROGEN TOTAL, WT % 1.3 122°F 6.368
SULFUR TOTAL, WT % 0.2 210%F
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210°F
AROMATICS TOTAL, VOL % comB
NAPHTHALENES, VOL % UST,'?"
POLYNUCLEAR AROMATICS, VOL % MI7 HEAT OF COMB., BTU/LY 12420,
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB., BTU/L3
ON 100%, WT% THERMAL STABILITY
ASH,WT % 1200 D-482 JFTOT, BREAKPOINT TEMP_,°F C T
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
WATER, VOL % TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL % Al |49, ,
WAX, WT % . : .04
WAX, MELT TEMPERATURE, °F . rlzﬁu:ad
VOLATILITY o
DISTILLATION TEMP., °F MAX ASTM D-2887 Cr. total ted g_’ ;
INITIAL BOILING POINT N Cu = ﬁ
10% EVAPORATED 634 Fe, total 115. = 4
50% EVAPORATED 681 Hg
90% EVAPORATED | 746 K 3
FINAL BOILING POINT 883 m 3. E - §
RESIDVE, VOL % ; ) ]
FLASM POINT, °F Mo -
GRAVITY, %AP1 1.3 Na 9. - W
GRAVITY, SPECIFIC, 60°F Ni .3
100°F Pb .2
210°%F Se —
NOTES yeZ of 400°F + Cut 9.7 Chlorine ppm ND : 0.
Carbon WtZ 89.2 Molecules Wt 258 v NIZ’(Z)
Oxygen Wt2 1.3 Zn >
[+
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPE_650 F + B-Coal Source
FROM REFERENCE____-036
RMP JOB NO. 6009-1 TABLE 2-6 PROPERTIES '
SHEET __OF ___
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COMPOSITION TEST METHOD

FLUIDITY

CARBON, WT %

POUR POINT, °F

HYDROGEN, WT %

VISCOSITY, KINEMATIC, ¢S

OXYGEN, WT %

=
~
I~

100°F

1.6
NITROGEN TOTAL, WT % 0.9-1.1

122°F

SULFUR TOTAL, WT %

20°F 1.07 J

SULFUR,  MERCAPTAN, WT %

VISCOSITY, SAYBOLT UNIV,, SEC %

PARAFFINS, VOL %

160°F he.3-37,

OLEFINS, VOL %

122°F

NAPHTHENES, VOL %

210%F

AROMATICS TOTAL, VOL % <62-65 |

COMBUSTION

NAPHTHALENES, VOL % 14-19

POLYNUCLEAR AROMATICS, VOL %

NET HEAT OF COMB., BTU/LB

CARBON RESIOUE ON 10%, WT% <1.2

GROSS HEAT OF COMB., BTU/LB D 240

ON 100%, WT%

THERMAL STABILITY

ASH WT % 0.001

JFTOT,BREAKPOINT TEMP..%¢ [ I ] D 1661

ASH MELT TEMPERATURE, °F

TOR OP

FILTERABLE DIRT, MG/100 ML

WATER, VOL %

TRACE METAL ANALYSIS, PPM

WATER & SEDIMENT, VOL %

WAX, WT %

WAX, MELT TEMPERATURE, °F

VOLATILITY
DISTILLATION TEMP., °F MAX

s,

D 86

INITIAL EOILING POINT [338-396

10% EVAPORATED 386-406

i g

50% EVAPORATED 425-444

90% EVAPORATED 483-500

FINAL BOILING POINT [538-553

RESIOUE, VOL % 1

FLASH POINT, OF 160 D 990

GRAVITY, %Pt 13.8

GRAVITY, SPECIFIC, 68°F

100°F

20%

NOTES* Aniline Point °F <26.2
Halides as NaCl, LB/MB
Todine No

D 1322

Pl ILEFEF~FTO0QPPRR

<0.1

FUEL QUALITY/PRECESSING STUDY

RMP JOB NO. 6009-1 TABLE 2-5

PROPERTIES

FUEL TYPE __SRC 1I Middle Distillate

FROM REFERENCE
SRC-11 Demonstration Project July 31,
Volume 1 of 9,p.A.1-5 SHEET__OF ____

FUEL

S$PC 6009 €D 0V (37800

* Telecon, J.B.0.-C.D. 3/13/80
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TEST METHOD FLUIDITY

POUR POINT, °F

VISCOSITY, KINEMATIC, ¢S
100°F
122°F
210°F

VISCOSITY, SAYBOLT UNIV., SEC
100°F
122°F
210%F

COMBUSTION

i COMPOSITION
i CARBON, WT % Bo 1
HYDROGEN, WT % 1.5
OXYGEN, WT % 1.4-1.8
NITROGEN TOTAL, WT % 1.2-1.4
SULFUR TOTAL WT % .37-0,47
SULFUR, MERCAPTAN, WT %
PARAFFINS, VOL % -
OLEFINS, VOL %
NAPHTHENES, VOL %
AROMATICS TOTAL, VOL % —
NAPHTHALENES, VOL %

TEST METHOD

[<*+45 |
k9.6-90.4

4.0-5.1

342-418
09 .8-42. .7

POLYNUCLEAR AROMATICS, VOL %
CARBON RESIDUE ON 10%, WT%

NET HEAT OF COMB., BTU/LB

GROSS HEAT OF COMB., BTU/LB

ON 100%, WT% <1.5 THERMAL STABILITY
ASH, WT % JFTOT, BREAKPOINT TEMP_ °f ==}
ASH MELT TEMPERATURE, °F TDR AP

FILTERABLE DIRT, MG/100 ML

Moyt by TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL %
WAX, WT %

WAX, MELT TEMPERATURE, °F

VOLATILITY
DISTILLATION TEMP., °F MAX
INITIAL BOILING POINT

10% EVAPORATED
50% EVAPORATED
90% EVAPORATED

FINAL BOILING POINT
RESIDUE, VOL %
FLASH POINT, °F
GRAVITY, °AP|
GRAVITY, SPECIFIC, 60°F
100°F
210°F

4 Yt *

D 1160

538-554

568-584

40-656
785-820
928-939

ﬂ;& Giv%

1.072

QT?F.@EI

g
-]
u

;

n
A

1.“2

"
=]
b
=l

NOTES *

Aniline Point, °F 68

»*

<0.1

§<dQRIZZFFFTFIOCROPZ22

FUEL TYPE_SRC 11 Heavy Distillate |

FROM REFERENCE Gulf Phase Zero Report
SRC-11 Demonstration Project July 31,197p
Volume 1 of 9,p.Al-5 SHEET___OF

FUEL QUALITY/PROCESSING STUDY
RMP JGB NO. 6009-1

FUEL
PROPERTIES

TABLE 2-6

SPC 6009 D 01 13/BO)
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* Telecon, J.B.0.-C.D. 3/13/80
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % POUR POINT, °F C o
HYDROGEN, WT % 7.43 VISCOSITY, KINEMATIC, cS
OXYGEN, WT % 1.90 = 100°F 5 79
NITROGEN TOTAL WT % 0.62 122°F
SULFUR TOTAL, WT % 0.37 210°F 1.48
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV_, SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210°F 16,921
AROMATICS TOTAL, VOL % 74 COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % NEY BEAT O Coln., STUAD
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB_, BTU/LB
ON 100% WT% THERMAL STABILITY
ASH, WT % JFTOT, BREAKPOINT TEMP_, °F B
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML TRACE METAL ANALYSIS, PP
WATER VOL % Al
WATER & SEDIMENT, VOL % 2‘9
WAX_ WT % . : %
WAX_ MELT TEMPERATURE, °F Ca 0.35 §;§r
VOLATIL'TY cd B2
DISTILLATION TEMP_, °F MAX Cr. total %}
INITIAL BOILING POINT Cu
10% EVAPORATED Fe, total 61.0 E m‘i
50% EVAPORATED Hg j_a
90% EVAPORATED K 0.19
FINAL BOILING POINT Mg
RESIDUE, VOL % Mn
FLASH POINT, °F 180 Mo
GRAVITY, AP 5 3 Na 0.39
GRAVITY, SPECIFIC, 60°F Ni
10°"F Pb 0.9
210°F Se
NOTES S
A 20
v 0.9
Zn
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPE __ SRC Raw Process Selveat
FROM REFERENCE A-073-P
RMP JOB NO. 6009-1  TABLE 2-ba PROPERTIES
SHEET ___OF ____

SPC H00% 001 (2RO




COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % POUR POINT °F T |
HYDROGEN, WT % 95 VISCOSITY, KINEMATIC, ¢S
OXYGEN, WT % 0.131 mo;r 2.6
NITROGEN TOTAL, WT % 0. 08 122°F
SULFUR TOTAL, WT % 0.03 } 210°F 1.1
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV_ SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122
NAPHTHENES, VOL % 210%F
AROMATICS TOTAL, VOL % COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB_, BTU/LB »
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB_ BTU/LB | 18,343
ON 100%, WT% THERMAL STABILITY
ASH, WT % 0.0 JFTOT, BREAKPOINT TEMP_, °F & )|
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
Sk YOL % TRACE METAL AN:’LYSlS, PPM
WATER & SEDIMENT, VOL %
WAX WT % As
WAX_MELT TEMPERATURE. °F -t
G 2.6
VOLATILITY cd (e Ne)
DISTILLATION TEMP_ °F MAX ASTM D-1160 Cr. total B - —",'
INITIAL BOILING POINT 194 Cu (-1 B :
10% EVAPORATED 373 R Fe, total 3.1 S
50% EVAPORATED L5% Hg ¥
90% EVAPORATED 642 K | 1.2 y=: =
e - ER—
» =4
FLASH POINT, °F 1010 Mo <P
GRAVITY “ap 16.0 - Na 12.0
GRAVITY. SPECIFIC, 60°F ™ ey
100%F Pb 0.3
210°F Se
NOTES Si
T 0.07
v | 0.02.
Zn
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TVPr_ERS.Euel No.3 |
FROM REFERENCE i :
RMP JOB NO. 6009-1 TapLE 2-7 PROPERTIES Coal Liquid & Other Synthetic Fuels in ‘
Gas Turhine Comhustnr‘s—&t%tl. W t
Conference Pager 80-CT- e = i i
SPC GO0 YD DY Y RD
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % POUP POINT, °F = 36.01
HYDROGEN, WT % 10. 16 VISCOSITY, KINEMATIC, cS
OXYGEN, WT % 0. 48 100°F
NITROGEN TOTAL, WT % 0.044 122°F
SULFUR TOTAL, WT % 0.02 2e’f 1.00
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100°F L
OLEFINS, VOL % 122 b
WAPHTHENES VOL % 210
AROMATICS TOTAL, VOL % COMBUSTION
NAPHTHALENES, VOL % -
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB VA i o
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB., BTU/LB 18400 !
ON 100%, WT% THERMAL STABILITY
ASH, WT % 0.001 JFTOT, BREAKPOINT TEMP_°F C I
ASH MELT TEMPERATURE °F TOR AP
FILTERABLE DIRT, MG/100 ML
WATER, VOL % TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL % A
WAX, WT % “‘
WAX, MELT TEMPERATURE, °F ; -
VOLATILITY cd |
DISTILLATION TEMP_ °F MAX ASTM D-1160 Gr. toual =i
INITIAL BOILING POINT (5%) 409 Cu
;:: vannu 419 Fo, ot co i)
VAPORATED 499 Hq " »
90% EVAPORATED | 584 K bl
FINAL BOILING POINT 608 Mg p <
RESIDUE, VOL % Mn o
FLASH POINT, °F 122.0 Mo O
CRAVITY “ap 17.1 Na < >
GRAYITY, SPECIFIC, 60°F Ni R
100°F Ph j =
210°F - Se
NOTES Si
0
A -
n
FROM REFERENCE Paper 80-CT-67 |
RMP JOB NO. 6009-1 TABLE 2-8 PROPERTIES
SHEET ___OF ___

SPC HUOY + 01 12 RO




COMPOSITION TEST METHOD FLUIDITY TEST METHOD

CARBON,WT % 84.8 POUR POINT, °F [85 |

HYDROGEN, WT % 11.4 VISCOSITY, KINEMATIC, cS

OXYGEN, WT % 1.3 100°F

NITROGEN TOTAL, WT % 2.0 122°F

SULFUR TOTAL, WT % 0.6 210°F

SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC

PARAFFINS, VOL % 100°F

OLEFINS, VOL % 122°F 83 _

NAPHTHENES, VOL % 210°F |48

AROMATICS TOTAL, VOL % COMBUSTION

NAPHTHALENES, VOL %

POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMS., BTU/LB .
GROSS HEAT OF CON.5., BIU/LB [

CARBON RESIDUE ON 10%, WT%

ON 100%, WT% THERMAL STABILITY
ASH, WT % 0.01 JFTOT, BREAKPOINT TEMP., °F [ 1
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
ity TRACE METAL AN:'LYSIS, PPM
WATER & SEDIMENT, VOL % *
WAX, WT % 8 12
i WAX, MELT TEMPERATURE, °F c:
Y1 voLamiuTy cd
& DISTILLATION TEMP., °F MAX . ol -
‘ INITIAL BOILING POINT Cu i)
10% EVAPORATED Fe, total 33 - W
50% EVAPORATED Ho UO—;{
90% EVAPORATED K X r-
FINAL BOILING POINT Mg
RESIDUE, VOL % B e ejﬂ———
FLASH POINT, °F . Mo -
o Na —
GRAVITY, °AP| . 21.4 “ =T
GRAVITY, SPECIFIC, 60°F J 2.0
210°F Se
NOTES ?i
650°F - Vol.Z 32
65001-‘ + Vol.% < Mol wt. 297 v
Asphaltenes, wt.Z% 0.58 Zn V.2
F Paraho Settled Shale 0il
FUEL QUALITY/PROCESSING STUDY FUEL VELTYPRE
FROM REFERENCE ini
RMP JOB NO. 6009-1 TABLE 2-9 PROPERTIES Paraho Shale Oil into Military Specifi-
cation Fuels, 1979 SHEET ___OF

SPC 6009 =D 01 (3/80)
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TEST METHOD

COMPOSITION TEST METHOD FLUIDITY
CARBON, WT % 85.9 POUR POINT, °F [ |
HYDROGEN, WT % 13.0 VISCOSITY, KINEMATIC, cS
OXYGEN, WT % 05 100°F
NITROGEN TOTAL, WT % 0.1 122
SULFUR TOTAL, WT % < 0.002 210°F
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122%F
NAPHTHENES, VOL % 210°F
AROMATICS TOTAL, VOL % COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB
CN 100%, WT% THERMAL STABILITY
ASH, WT % JFTOT, BREAKPOINT TEMP,, °F { A
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
WATES, V0L X TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL % Al
WAX, WT % . ::
WAX, MELT TEMPERATURE, °F 3 oo
VOLATILITY cd =
DISTILLATION TEMP., °F MAX Cr, total 3 >
INITIAL BOILING POINT gu : :us E
10% EVAPORATED e, tota O
50% EVAPORATED Hg < 2
90% EVAPORATED "; E 4
FINAL BOILING POINT 9 =
RESIDUE, VOL % Mn <&
FLASH POINT, °F Mo
GRAVITY, °API| 34 .4 Na
GRAVITY, SPECIFIC, 60°F Ni
100°F Pb
210%F Se
NOTES Si
650°F ~, Vol 65 i
Molecular wt 261 v
Zn
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPE_fargho Hydrotreated Whole
FROM REFERENCE B=014
RMP JOB NO. 6009-1 TABLE 2-10 PROPERTIES
SHEET __OF ___

SPC 6009 £ D 01 (380!
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COMPOSITION TEST METHOD FLUIDITY TESTMETHOD
CARBON, WT % 87.32 POUR POINT, °F (105 |
HYDROGEN, WT % 12 cq VISCUSITY, KINEMATIC, ¢S ]
OXYGEN, WT % 0.0102 100°¢ =
NITROGEN TOTAL, WT % | 0.33 122% 25 71 & i)
SULFUR TOTAL, WT % 0.0005 210%F 6.45
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UN'V , SEC
PARAFFINS, VOL % 7 1 100°F
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210°F
AROMATICS TOTAL, VOL % 42.9 COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % 7 NET HEAT OF COMB., BTU/LB
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB_, BTU/LB
ON 100%, WT% THERMAL STABILITY
ASH, WT % Nil D482 JFTOT, BREAKPOINT TEMP_ °F [ |
ASH MELT TEMPERATURE °F TDR OP
FILTERABLE DIRT, MG/100 ML
AT VLS TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL % Al
WAX, WT % As 0.1
WAX_ MELT TEMPERATURE, °F g:
L
2 VOLATILITY cd g_g
- DISTILLATION TEMP., °F MAX & total -
INITIAL BOILING POINT 8 2
10% EVAPORATED Fe, total 0.9 =
50% EVAPORATED Ha e
90% EVAPORATED K <0.1 —
FINAL BOILING POINT Mg Za
RESIDUE, VOL % Mn =
F( * SH POINT, °F 300 Mo <®
GRAVITY, °API 0.3 Na
GRAVITY, SPECIFIC, 60°F Ni
100°F Pb
210°F Se
NOTES Asphaltenes, WtZ 0.244 :"
Molecular Wt 351 X
v 0.4
Zn
[}
FROM REFERENCE B-014
RMP JOB NO. 6009-1 TABLE 2-11 PROPERT'ES

SHEET _OF

SPC 6009 £D 0O (3/80)
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % 80.5 POUR POINT, °F [80 T
i HYDROGEN, WT % 10.3 VISCOSITY, KINEMATIC, cS
: IXYGEN, WT % 5.8 100°F
NITROGEN TOTAL, WT % 1.9 122°F
SULFUF. TOTAL, WT % 0.7 210%F
SULFIR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100°F 96
OLEFINS. VOL % 122°F
NAPHTHENES, VOL % 210%F
AROMATICS TOTAL,VOL % COMBUSTION
NAPHTHALENES VOL %
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB_, BTU/LB
ON 100%, WT% THERMAL STABILITY .
ASH, WT % JFTOT, BREAKPOINT TEMP_, °F = I .
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
WATES, VOL % TRACE METAL Anszsus, PPM
WATER & SEDIMENT, VOL % -
WAX, WT %
WAX_ MELT TEMPERATURE, °F 2: 9,%
"J g Wy
o] vowanmury cd S =
© DISTILLATION TEMP., °F MAX Cr. total O s
INITIAL BOILING POINT < 400 Cu 5
10% EVAPORATED < 400 Fe, total =3
50% EVAPORATED < 650 Ho 3>
90% EVAPORATED < 950 K "
FINAL BOILING POINT > 950 Mg 2
RESIDUE, VOL % Mn
FLASH POINT, °F Mo
GRAVITY, °ap| 21 Na
GRAVITY, SPECIFIC, 60°F Ni
100°F Pb ]
] 210°F Se
NOTES S
Ti
v
Zn
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPET0SCO Crude Shale 011
FROM REFERENCE_"0il Shale Fconomics |
RMP JOB NO. 6009-1 TABLE 2-12 pROPERT'ES Update', Tosco Corp. April 18, 1978
SHEET OF ____
SPC 6009 £ 01 (3RO
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COMPOSI . .ON TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % POUR POINT, °F il
HYDROGEN, WT % VISCOSITY, KINEMATIC, ¢S
OXYGEN, WT % 100°F
NITROGEN TOTAL, WT % 1.8 122°F
SULFUR TOTAL, WT % 0.7 210°F
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100%¢ 48
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210°F
AROMATICS TOTAL, VOL %
NAPHTHALENES, VOL % s
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB,, STIV/LS
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB., BTU/LB
ON 100%, WT% THERMAL STABILITY
ASH, WT % JFTOT, BREAKPOINT TEMP_, °F C
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
WATER. YOL % TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL % -
WAX, WT % As
WAX, MELT TEMPERATURE, °F "
ro (:‘
L]l voiamiurty cd
© DISTILLATION TEMP_, °F MAX Cr. total
INITIAL BOILING POINT < 400 Cu
10% EVAPORATED < 400 Fe, total
50% EVAPORATED <650 Ho X!
90% EVAPORATED < 950 K o
FINAL BOILING POINT < 950 Mg p -
RESIDUE, VOL % Min § =
FLASH POINT, °F Mo -~
GRAVITY, °AP| 25 Na L=l
GRAVITY, SPECIFIC, 60°F Ni L+
100°F Pb = m
210°F : - §
NOTES et
v
Zn

FUEL QUALITY/PROCESSING STUDY
RMP JOB NO. 6009-1 TABLE 2-13

FU EL FUEL TYPE_ Tosco Bottomless Crude |

PROPERTIES

FROM REFERENCE _Shale 0il

SHEET _OF

SPC 6009 ED 01 (3'80)
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD ,
CARBON, WT % POUR POINT, °F | .
HYDROGEN, WT % VISCOSITY, KINEMATIC, cS }
OXYGEN, WT % 100°F
NITROGEN TOTAL WT % 0.06 122°F
SULFUR TOTAL, WT % 0.01 210°F :
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC 1
PARAFFINS, VOL % 100°F 35
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210°F 4
AROMATICS TOTAL, VOL % COMBUSTION
NAPHTHALENES, VUL %

POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB :

CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB., BTU/LB

ON 100%, WT% THERMAL STABILITY

ASH, WT % JETOT, BREAKPOINT TEMP., °F | T

ASH MELT TEMPERATURE, °F TODR AP

FILTERABLE DIRT, MG/100 ML TRACE METAL ANALYSIS, PP

WATER, VOL % 7

WATER & SEDIMENT, VOL % -

WAX, WT % E

WAX, MELT TEMPERATURE, °F o i
ro

| voiamiuty cd oo

- DISTILLATION TEMP_, °F MAX G total il

INITIAL BOILING POINT < 400 Cu n e
10% EVAPORATED < 400 Fe, total oz
oy
50% EVAPORATED > 400 Ho 2 d
90% EVAPORATED > 650 K Pl
FINAL BOILING POINT ' < 950 Mg S
RESIDUE, VOL % i Cm
FLASH POINT, °F I Mo 2 =
GRAVITY, °API 40 "
GRAVITY, SPECIFIC, 60°F Ni
100°F Pb
210°F :
NOTES =
v
Zn
_Tosco Hydrotreated Shale Oil |
FUEL QUALITY/PROCESSING STUDY FUEL i e <
FROM REFERENCE __
RMP JOB NO. 6009-1 TABLE 2-14 PROPERTIES
SHEET _OF ___
SPC K009 ED 01 13/80)
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Table 2-15

Crude Synthetic Liquid Fuels

Cost Comparisons"b

Plant
Capacity FCI Cost
BPD Equiv. $ Billion 12% DCF
Process Output 1980 $ $/Bb1 (1980)
20 '

1. H-Coal 100,000 1.83 25
2. src 11 2t 100,000 1.87 25
3. Exkon Donot Solvent 22 100,000 1.88 25
& Parsho 2 100,000 1.75 21
5. Tosco 11 4 100,000 1.95 21

% The U.S. average selling price25 of No. 2 oil is $31.80 per barrel (bbl).
» The figures presented are the result of equalizing plant capacities and
escalation of capital and operating costs to early 1980 estimated levels.
Accordingly, these figures are deemed to represent order of magnitude costs
estimates,

— w"‘)“'
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Figure 2-6 - PARAHO Reactor
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SECTION 3
REFINED SYNFUELS PRODUCTION
PROPERTIES AND ECONOMICS

In the previous section established processes which convert coal or oil shale to
synthetic liquid are described, together with the character of produced synthe-
tic liquids. In all cases it is likely that some additional refining will be
required to produce liquids of turbine fuel quality and to produce saleable by-

products.

Deve lopment work in the shale conversion field to date has concerned itself with
the extent and necessity of hydrogen treatment of the liquid product prior to
shipment to the refiner.1 Part of the concern has centered upon the characteris-
tic unstable nature of the liquid product due to the fact that it is formed by
pyvrolysis and therefore is olefinic. The second ares of concern relates to the
extent of treatment that might be necessary to render the synthetic liquid
compatible with the severity capabilities of the conventional refinery. This
second question 1is one that applies to all synthetic liquid fuel producing

processes and not just those which produce an olefin containing product.

In response to the first concern we recommend that the crude shale oil be
hydrogen treated as soon as possible to prevent sludge formation and property

change due to polymerization.

The second concern, the concept that syncrude should be converted to a product
which is equivalent to crude petroleum is one that serves as the base for much
controversy. At the time this idea was first expressed, the ability to assimi-
late the syncrudes 1n existing processes was unknown. Since that time consider-

21348 and much is left to be done. The picture is much

able work has been done,
clearer today, indicating the extent of pretreatment required to render the
liquid suitable as feedstock to refinery units. In addition, new processing
techniques have been advanced which should have a beneficial effect on processa-
bility of syncrude; namely the advancement of residuum hydrocracking and experi-
ments to better define the fluid catalytic cracker performance on nitrogen
bearing feedstocks.5 Figures 3-1 and 3-2 are simple diagrams depicting hydro-

cracking processes. Figure 3-3 describes a typical fluid catalytic cracker

system with attendant auxiliaries.
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All of this work has been directed toward making conventional refinery products.

Our present objective is to define the refinery severity necessary to produce

acceptable products.

3.1 DISTILLATE FUEL OIL

An analysis is shown in Table 3-1 for a typical range of properties of #2
petroleum fuel oil distillate.6 Depending on the sulfur content of the distil-
late, it may have to be hydrotreated to meet the environmental limits. In all

other respects it meets the gas turbine fuel specifications.

3.2 PETROLEUM RESIDUAL OIL

Table 3-2 is an analysis for a typical range of properties of a petroleum
residual fuel oil.6 This residual fuel o0il would be hydrotreated for sulfur

removal to meet the environmental limits. It would also require further treatment

including inhibiting for metals to meet the gas turbine fuel specifications.

Figure 3-4 is a flow diagram describing a typical hydrotreating system.

3.3 COAL DERIVED SYNTHETIC FUELS

3.3.1 H-COAL

An analysis, Table 3-3, of hydrogenated H-Coal syncrude is shown
which was obtained from Hydrocarbon Research Inc.7 This fuel meets the environ-

mental and gas turbine fuel specifications.

3.3.2 SRC-I1

No data has been found to date for SRC-II hydrogenated liquids.
Table 3-4 is an analysis of hydrogenated SRC-I raw process solvent.7 This fuel
0il meets the environmental and gas turbine fuel specifications. The SRC-I raw
process solvent analysis was close to a composite of the SRC~II middle and heavy
distillates shown in Section 2 Tables 2-5 and 2-6. Hydrogen content was 7.4%.

We would expect the SRC-II 1liquids hydrogen to increase similarly on hydro-

treating.

3-2
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3.3.3 EDS

An analysis of hydrogenated EDS fuel o0il is shown in Table 3-5.

This oil was obtained from the Exxon Donor Solvent Process.8

3.4 OIL SHALE DERIVED SYNTHETIC FUELS

3.4.1 PARAHO
An analysis of highly hydrogenated distillate oil from crude
produced by Paraho Company and hydrotreated by SOHIO is shown in Table 3-6.9 This

meets environmental and gas turbine fuel specifications.

3.5 REFINERY TREATMENT COSTS

The literature search did result in some petroleum treatment cost informa-
tion. This will require analyses and relating the information to syncrudes,
which is to be included in Tasks II, III, IV and V. However, some preliminary
figures are presented below based on treatment facilities for 50,000 bbls/day of

synthetic crude oil and fractions.
3.5.1 HYDROTREATING COSTS

Capital costs for a hydrotreating unit to desulfurize, denitro-
genate and saturate olefinic and polycyclic compounds would approximate $33
million amounting to $660 per daily barrel of syncrude capacity. Operating costs

approximate 55¢/bbl of feed to the unit.
3.5:2 HYDROCRACKING COSTS

Capital costs for a hydrocracking unit to hydrotreat and hydro-
crack a range of syncrude liquids would approximate $70 million amounting to
$1400 per daily barrel of syncrude capacity. Operating costs approximate

| $1.35/bbl of feed to the unit. Certain heavy resids can also be handled.
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3.5.3 FLUID CATALYTIC CRACKING COSTS

Capital costs for a fluid catalytic cracking unit to process a
range of syncrude liquids would approximate $72 million amounting to $1440 per
daily barrel of syncrude capacity operating costs approximate $70/bbl of feed to

the unit.

3.6 SUMMARY /CONCLUSIONS

The literature search for this section was directed towards definition of
coal and shale syncrude properties after hydrotreating, hydrocracking, and fluid
catcracking in a refinery operation (refinery products). The purpose was to
produce refined synfuels suitable for use as turbine fuels. Our basic approach
for Task I was concerned with hydrotreating to produce refinery products with the

follow-up of hydrocracking and fluid cracking.

For tasks IIT & IV, our efforts would be directed towards references 2
through 4, as key to setting up an LP model for analysis of economics of upgrad-
ing an existing refinerv vs preparation of syncrude turbine fuels via a new grass

roots refinery.
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON,WT % - POUR POINT, °F Coio-30
HYDROGEN, WT % 12.3-13 VISCOSITY, KINEMATIC, cS
OXYGEN, WT % 100°F 2 0ud
NITROGEN TOTAL, WT % 0.005-0.D6 122°F
SULFUR TOTAL, WT % 0.1-0.8 210°F
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210%F
AROMATICS TOTAL, VOL % COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB
CARBON RESIDUE ON 10%, WT% Yz GROSS HEAT OF COMB.,BTU/LB [ 19
ON 100%, WT% THERMAL STABILITY
ASH, WT % 0005 ASTM D-482 JFTOT, BREAKPOINT TEMP., °F [ 1
ASH MELT TEMPERATURE, °F TDR AP
FILTERABLE DIRT, MG/100 ML
WATEN. YOU % TRACE METAL ANALYSIS, PPM 1
WATER & SEDIMENT VOL % N
WAX, WT % g
WAX, MELT TEMPERATURE, °F Bs
Ca 02 0
¢l voLaTiLITY cd
= DISTILLATION TEMP., °F MAX ASTM D-86 Cr, total 3
INITIAL BOILING POINT ‘F:u | - Q
10% EVAPORATED e, total (=] ;
50% EVAPORATED ;‘9 =
90% EVAPORATED 650-675 o9
FINAL BOILING POINT Mg c > i
RESIDUE, VOL % x 5 ,
FLASH POINT, °F 150-200 -
GRAVITY, °AP| Na 4x 0-1.0 a'w
GRAVITY, SPECIFIC, 60°F 0.82-0_48 Ni
100°F Pb 0-1.0
210°F Se
NOTES . Si
1) Typical Range of Properties Petroleum Distillate Ti
M 0-1.0
Zn
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPE_#2 Petr. Distillate Fuel Qil |
FROM REFERENCE__A-041 (NASA)
RMP JOB NO. 60091  TABLE 3-1 PROPERTIES
SHEET __OF ___

SPC 6009 ED 01 (3/80)




COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % 29 _5-82 POUR POINT, °F [ Je_aqs |
HYDROGEN, WT % 10 0-12 VISCOSITY, KINEMATIC, ¢S
OXYGEN, WT % 100°F W
NITROGEN TOTAL, WT % a 05-0 9 122°F
SULFUR TOTAL, WT % { 0.5-4.0 210°F
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV_, SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210°F
AROMATICS TOTAL, VOL % COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB., BTU/LB 18,600
ON 100%, WT% _— THERMAL STABILITY
ASH, WT % 100 JFTOT, BREAKPOINT TEMP., °F L T
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML TRACE METAL ANALYSIS, PPM
WATER, VOL % A
WATER & SEDIMENT, VOL % -
WAX, WT % Ba
WAX, MELT TEMPERATURE, °F
) Ca 0-50
4 voranury cd 00
DISTILLATION TEMP., °F MAX Cr, total E
INITIAL BOILING POINT Cu ggr
10% EVAPORATED Fe, total 3=
50% EVAPORATED Hg il
90% EVAPORATED K Pe"
FINAL BOILING POINT Mg a9
RESIDUE, VOL % Mn s
FLASH POINT, °F 175265 Mo (%)
GRAVITY, °AP| Na , | 1-350
GRAVITY, SPECIFIC, 60°F 0 92.1 Ni
100°F Pb 0=25
210°F :
NOTES -
v 5-400
Zn
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPE
FROM REFERENCE_A-041 (NASA)
RMP JOB NO. 60091  Taprg 3.5 PROPERTIES
SHEET __OF ____

SPC 6009 ED 01 (3/R0)
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % A8 10 POUR POINT, °F [
HYDROGEN, WT % 11 _66 VISCOSITY, KINEMATIC, ¢S
OXYGEN, WT % 0.2 100°F 2.17
NITROGEN TOTAL, WT % 004 122%F
SULFUR TOTAL, WT % [ <0.002 210°F 1.06
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210°F
ARNMATICS TOTAL, VOL % 27
NAPHTHALENES, VOL % RO
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB., BTU/LB
ON 100%, WT% THERMAL STABILITY
ASH, WT % JFTOT, BREAKPOINT TEMP., °F [
ASH MELT TEMPERATURE, °F B TOR AP
FILTERABLE DIRT, MG/100 ML [
WATER, VOL % TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL % N
WAX, WT % g
WAX, MELT TEMPERATURE, °F Ba
Ca 0.09
VOLATILITY cd
DISTILLATION TEMP_, °F MAX D-2887 O, total
INITIAL BOILING POINT 325 Cu "
10% EVAPORATED 366 Fe, total 1.6 nE
50% EVAPORATED 441 Hg %_E:
90% EVAPORATED 563 K | 0.04 -
FINAL BOILING POINT 733 Mg D
RESIDUE, VOL % ¥ o
FLASH POINT, °F 175 Mo cC >
GRAVITY, °AP| 23,2 Na | 0.36 44
GRAVITY, SPECIFIC, 60°F Ni 3 -
100°F Pb <1
2°0°F Se
NOTES ?
1) H-Coal Raw Distillate Source v' ;11
Zn
FUEL QUALITY/PROCESSING STUDY FUEL PAREL TVIRS: Mot St Sl Sl e
FROM REFERENCE =5
RMP JOB NO. 60091 1,515 3.3 PROPERTIES
SHEET __OF ___

SPC 6009 ED 01 (3/80)




COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON, WT % 88 78 POUR POINT, °F [ i
HYDROGEN, WT % 10.99 VISCOSITY, KINEMATIC, ¢S
OXYGEN, WT % 0_20 100°F 2 .00
NITROGEN TOTAL WT % | 0.02 122°F
SULFUR TOTAL, WT % 0.0l 210°F 0.90
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV., SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122%F =
NAPHTHENES, VOL % 210°F
AROMATICS TOTAL,VOL % | 34 COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % | NET HEAT OF COMB., BTU/LB 18,9013
CARBON RESIDUE ON 10% WT% GROSS HEAT OF COMB., BTU/LB
ON 100%, WT% THERMAL STABILITY
ASH, WT % JFTOT, BREAKPOINT TEMP_, °F [ |
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
WATER, VoL TRACE METAL AN:LYSIS, PPM
WATER & SEDIMENT, VOL % .
WAX, WT % i
o Ba [*A"]
WAX_ MELT TEMPERATURE, °F no
" 0.12 E-
VOLATILITY cd o=
DISTILLATION TEMP_, °F MAX D-2887 Cr. total L -
INITIAL BOILING POINT 172 Cu poa—
10% EVAPORATED 232 Fe, total 14 et |
50% EVAPORATED 432 Hg E gs 3
90% EVAPORATED 578 K 0.01 = 3 1
FINAL BOILING POINT 814 Mg - f.
RESIDUE, VOL % Mn
FLASH POINT, °F 62 Mo !
GRAVITY, APl ZJAI,F Na 8.05
GRAVITY, SPECIFIC, 60°F g
100°F Pb 0.3
210°F Se
NOTES =
Ti 1 0
1) SRC, Raw process solvent source v
<0.1
Zn
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPEHydrotreaced SRC Fuel Oil i
FROM REFERENCE_A-073-P .
RMP JOB NO. 6009-1  TABLE 3-4 PROPERTIES
SHEET __OF ____
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD

: CARBON, WT % ’_g_ug POUR POINT, °F L |
i HYDROGEN, WT % R _60 VISCOSITY, KINEMATIC, ¢S ]
| OXYGEN, WT % | 032 100°F '
: NITROGEN TOTAL, WT % 0.24 122°F
7 SULFUR TOTAL, WT % 0.04 210
: SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV_, SEC
: PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122°F
NAPHTHENES, VOL % 210°F
AROMATICS TOTAL, VOL % COMBUSTION
NAPHTHALENES, VOL %
: POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB 18100
CARBON RESIDUE ON 10%, WT% GROSS HEAT OF COMB., BTU/LB
ON 100%, WT% THERMAL STABILITY
ASH, WT % JFTOT, BREAKPOINT TEMP., °F [ I
ASH MELT TEMPERATURE, °F TOR AP
FILTERABLE DIRT, MG/100 ML
WATER VOL% TRACE METAL ANALYSIS, PPM
WATER & SEDIMENT, VOL % »
WAX WT % As
WAX, MELT TEMPERATURE, °F g
Yl voLaTmiuTy by
= DISTILLATION TEMP., °F MAX Cr. total o
INITIAL BOILING POINT 292 Cu -
10% EVAPORATED 462 Fe. total 02
50% EVAPORATED 657 Hg -« =
90% EVAPORATED 174 K
FINAL BOILING POINT | 1000 Mo e
RESIDUE, VOL % Mn £ =
FLASH POINT, °F Mo —~
GRAVITY, °AP| 8.6 Na o ad
GRAVITY, SPECIFIC, 60°F Ni
100°F Pb
210°F g
b NOTES : ;s:l
1)Exxon Donor Solvent-Raw Liquid Source v
7 L
FUEL QUALITY/PROCESSING STUDY FUEL FUEL TYPE_iydzocr

FROM REFERENCE__A-041

RMP JOB NO. 6009-1 TABLE 3-5 PROPERTIES

SPC 6009 ED 0 (3/BOD)

SHEET _OF ___
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COMPOSITION TEST METHOD FLUIDITY TEST METHOD
CARBON WT % [86.52 POUR POINT, °F [ g5 |
HYDROGEN, WT % [ 12.80 VISCOSITY. KINEMATIC, ¢S
OXYGEN, WT % 0.33 100°%F 14 .45
NITROGEN TOTAL, WT % 0.33 122%F 115
SULFUR TOTAL, WT % 0.02 210%
SULFUR, MERCAPTAN, WT % VISCOSITY, SAYBOLT UNIV_, SEC
PARAFFINS, VOL % 100°F
OLEFINS, VOL % 122%
NAPHTHENES, VOL % 210°F
AROMATICS TOTAL, VOL % 14 COMBUSTION
NAPHTHALENES, VOL %
POLYNUCLEAR AROMATICS, VOL % NET HEAT OF COMB., BTU/LB
CARBON RESIOUE ON 10% WT% GROSS HEAT OF COMB., BTU/LB 19,365
CON. CARBON ON 100% WT% 0.23 THERMAL STABILITY
ASH, WT % <0.01 JFTOT, BREAKPOINT TEMP_, °F [ I
ASH MELT TEMPERATURE, °F TDR AP
FILTERABLE DIRT, MG/100 ML
RATER, VOLS TRACE METAL m:‘usls, PPM
WATER & SEDIMENT_VOL %
WAX, WT % e
WAX_MELT TEMPERATURE, °F &
w Ca 0.96
Il vowanury cd
- DISTILLATION TEMP., °F MAX _D-2887 Cr. toal
INITIAL BOILING POINT | 421 Cu
10% EVAPORATED 6317 Fe, total 6.3 [
50% EVAPORATED [ 804 _ Hg Oy
90% EVAPORATED 924 K | 2.6 = S
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SECTION &4
GAS TURBINE FUEL CRITERIA

Fuel property specifications covering liquid fuels for gas turbine operation
have been developed by the turbine manufacturers from operating experience over
the years. As a result each manufacturer has developed a fuel tailored to his
specific machine experience and design. Liquid fuels involved have been from

petroleum sources.

ASTM has proposed gas turbine fuel property standards. These are also primarily
based on manufacturers overall requirements. ASTM has also developed their
standard test methods for each specific fuel property determination which have

been accepted by the gas turbine manufacturers.

The introduction of new fuels derived from coal and oil shale will call for some
specification modifications. However, the expectation is that product tailor-
ing, so that existing specifications will be largely met, will be required.

These will be discussed in later sections.

4.1  PRESENT FUEL C®i%'RIA

Table 4-1 presents the proposed ANSI/ASTM liquid fuel specifications for
gas turbines. The last footnote recommends that the turbine manufacturer be

consulted.

Tables 4-2, 4-3, 4-4 and 4-5 are liquid fuel specifications for General
Electric, Westinghouse, Pratt & Whitney and Brown Bovari industrial and utility
gas turbines. The differences in certain of the specification properties relate
to the respective combustor and turbine design features allowing limited or

greater tolerance to the various invididual property effects.

The industrial and utility firms who operate gas turbine units in their
systems generally purchase fuels conforming or approaching but not exceeding the

specifications set forth by the gas turbine manufacturer. Naturally, there are

digressions in fuel characteristics which could give adverse turbine performance
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that are nullified by on-site treatment by the operator. The specific pretreat-
ments to make possible the toleration of exceeded specifications are in most
cases sanctioned by the turbine manufacturers. The acceptable pretreatment

methods are covered in detail in Section 5, On-site Fuel Pretreatment.

4.2 PROJECTED FUTURE FUEL CRITERIA

At this point since coal and oil shale derived liquid fuels are as yet
unavailable commercially, future required fuel criteria has taken the form that
with present machines the synfuels should be processed such that they will, for

the most part, conform to present gas turbine fuel specifications.
4.2.1 MAJOR SYNFUEL DIFFERENCES

Synfuel hydrogen contents tend to be lower than those for accepted
petroleum based gas turbine fuels. Coal derived synfuels without subsequent
refining processing will be higher in unsaturates and polycyclic hydrocarbon
compounds of which a low hydrogen content is indicative. These compounds burn
hotter and with an objectionable high smoke level. Current thinking by those
working in the field of assessing the suitability of liquid synfuels for present
American manufactured gas turbine use is that hydrogen content in the fuel should
be greater than 10% by weight. Tests using coal derived fuel oil having hydrogen
content of 7.4% in a European gas turbine indicated fully satisfactory perfor-
mance. Combustion system design was such that this type fuel was handled satis-

factorily.

It is our judgement that the market will require that synfuels be
refined to a point that they will be similar to the petroleum-based fuels pre-
sently used in existing gas turbines. This refining will represent additional
processing costs and is covered in Tasks III and IV of this project. When the
supply of coal or shale oil-derived synfuels becomes more abundant, it is expec-
ted that future gas turbine designs will take into consideration the need for
burning synfuels requiring minimal additional process refining or on-site fuel
treatment. In any event, existing gas turbines will require synfuels having
specifications similar to their petroleum-based specifications until such time

that the combustion system can be modified by retrofit to accept synfuels
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directly. It is doubtful whether modified combustion processes will be available

until synfuel is readily available.

It must be mentioned at this point that the European designed
machines, having separately fired combustors which can be easily modified to
accept a wide range of fuels and combinations thereof, can more readily accept

synfuels.
4.2.2 ENVIRONMENTAL STANDARDS

Currently, in order that gas turbine systems emissions be met,
fuel maximum sulfur content has been set at 0.8% and fuel maximum nitrogen
content has been set at a value approximately equivalent to 0.3%. Fuels exceed-
ing these standards are considered to require altered combustion procedures,
stack gas emission scrubbing or catalytic conversion of the resulting pollutants
to an acceptable form. Technical aspects are covered in greater detail in

Section 7, Turbine Emission Controls.
It should be noted where water injection is used for NOx control,

particularly when burning the "hotter" fuels, that total trace elements in the

fuel and injection water shall not exceed fuel specification requirements.

4-3
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Table 4-1
Proposed ASTM and ANSI Liquid Fuel
Specifications for Gas Turbines

Property

’ Gravity, ®API, Min.

Kin. Visc., cs, 100°F, Min.

Kin. Visc., cs, 100°F, Max.
f Flash Point, °F, Min.
| Dist. Temp., 90% Point, °F, Min.
' Dist. Temp., 908 Point, °F, Max.
Pour Point, °F, Max.
; Carbon Res. (108 Bot.), Wt §, Max.
Ash, Wt §, Max.
f Trace Metals
| Water & Sediment, Vol &, Max.
Sulfur, Wt &, Max.

T —— e ——— —

Trace Metals
Vanadium
Sodium Plus Potassium
Calcium
Lead

-

(b) Consult turbine manufacturer.

ASTM
Test
Method No. 2-GT No. 3-GT
D287 30 -
D445 2.0 -
D445 4.3 -
D93 100 130
D86 540 -
D86 640 -
D97 20 -
D524 0.35 -
D482 0.01 0.03
See Note (a)
D1796 0.05 1.0
D129 Legal Legal

D2787
D2788
D2788
D2787

4-4

ORIGINAL
OF POOR

0.5
0.5
0.5
0.5

PAGE 1S

QUALITY

0.5
0.5
0.5
0.5

No. 4-GT

1.0
Legal

(a) Por improved turbine life, the turbine user must make arrangements to
assure that the fuel! at the turbine fuel nozzle meets the requirements
shown below. This might include transportation arrangements with the
fuel supplier, particular care to on-site fuel storage and quality
control procedures, and on-site cleanup procedures.

(b)
(b)
(b)
(b)

SN
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Table 4-2 - General Electric

Liquid Fuel Specifications

TRUE
DISTILLATES (b) ] ASH-BEARING FUELS (b)
CRUDES AND
POINT OF ASTM BLENDED HEAVIER
APPLICABILITY | TEST LIGHT. FIIBAVY RESIDUAL RESIDUAL
APPLICABILITY PROPERTY (a) METHOD (c) FUELS FUELS
3.1 Gas Turbine Kin. Viscosity, cSt, 100°F (37.8°C), min Delivery D445 .5 (d) 1.8 1.8 1.8
Requirements | Kin. Viscosity, cSt, 100°F (37.8°C), max(e) Delivery D445 5.8 30 160 900
Kin. Viscosity, cSt, 210°F (98.9°C), max(e)] Delivery D445 - 4 13 30
Specific Gravlty, 60°F (15.6C), max Delivery D1298 Report Report .96 .96 (f)
Flash Point, 9F (°C), min (g) Delivery D93 Report hReport Report Report
Distillation Temp. 90% Point, °F (°C) max Delivery D86 650 (338)Report - -
Pour Point, Of (°C), max velivery D97 0(-18)
or 20(7)
below Report| Report Report
min.
ambient
Carbon Residue, Wt. § (10% Bottoms)max. Dellvery D524 .25 - - -
Direct Pressure Atomization
Carbon Residue, Wt. % (100% Sample) max. Delivery D524 1.0 1.0 1.0 -
Air Atomization, Low Pressure
Carbon Residue, Wt. % (100% Sample), Delivery D524 - - Report Report
Air Atomization, High Pressure _
Ash, ppm, max Combustor D82 50 Report Report
Trace Metal Contaminants, ppm, max (h) Combustor (1)
Sodium plus Potassium 1 1 1 1
Lead 1 1 1 1
Vvanadium (untreated) S .5 . .5
Vanadium (treated 3/1 wt. ratio Mg/V) - - 100 500
Calcium 2 2 10 10
Other Trace Metals above Sppm Repoct Report A!gport _Report
Iterable Dirt, mg/l100ml, max Delivery D2276 4 0 Report Report
Water & Sediment, Vol. %, max. Delivery D1796 .1 .1 1.0 1.0
Water Content, Vol.. §, max. Fuel Skid D95 S | = | Report (j) 1.0
Thermal Stability, Tube No., max. Delivery D1661 - 2 2 2
Fuel Compatibility, Tube No., max. Delivery D1661 - 2 2 2
(50/50 mix with second fuel)
Cetane No., min (Diesel Engine Start Only) Delivery D975 40 - - -
Sulfur, Wt. %, max Delivery D129 Report eport| Report Report
Wax content, Wt % Delivery (1) - Report | Report -
Wax Melting Point, °p Delivery (§8) - Report | Report -
The specifications below apply only when specific environmental codes exist
3.2 Environmental| Sulfur, Wt. §, max Delivery D123 Compliance to any applicable codes.
Code Related |Nitrogen, Wt %, max Delivery (1) Fuel-bound nitrogen may be limited to
Requirements meet any applicable codes on total NO_
emission.
Hydrogen, Wt %, min Delivery (1) Minimum hydrogen level may be necessary
to meet any applicable stack plume
opacity limits (k)
Ash plus Vanadium, ppm, max Delivery (1) Ash plus vanadium content of ash-pearing

fuels may be limited to meet applicable
stack particulate emission codes. (1).
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Notes to Table 4-2

(a) The fuel properties specified refer to the fuel at different points in the overall system:
ggllvet* - fuel as delivered to the turbine site.
Fucl Skid - fuel at inlet of fuel skid at turbine
Combustor - fuel at turbine combustors

(b) Typical fuels within each general type are discussed in Appendix A.
(c) ASTM Book of Standards, Parts 23 and 24.

(d) In the viscosity range of 0.5 cSt to 1.8 cSt, special fuel pumping equipment may be required.

(e) The maximum allowable viscosity at the fuel nozzle is 20 cSt for high pressure air atomization
and 10 cSt for low pressure air and direct pressure atomization. The fuel may have to be pre- 3
heated to reach this viscosity, but in no instance shall it be heated above 275°F (135°C). (This
maximum fuel temperature of 275°F is allowed only with residual fuels.) The viscosity of the fuel
at initial light-off must be at or below 10 cSt.

(£) A specific gravity of 0.96 is based on average fuel desalting capability witn standard washing
systems. Fuels with specific gravities greater than 0.96 may be desalted to the required mini-
mum sodium plus potassium limits by using higher capability desalting equipment (with higher
attendant cost) or by increasing the gravity difference between the fuel and wash water by
blending the fuel with a compatible distillate.

(g) The fuel must comply to all applicable codes for flash point.
(h) A total ash less than ) ppm is acceptable in place of trace metal analysis.

(1) No standard reference tests exist; methods used should be mutually acceptable to General
Electric and the user.

9-v
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(j) wWater content of crude oils should be reduced to the lowest level practical consistent with
capablility of available fuel treatment equipment, to minimize the chance of corrosicn of fuel
system components. In no case shall the water content exceed 1.0 vol. §%.

(k) A minimum hydrogen content is set to limit smoke emissions where required by local codes; for
example, for 10% maximum stack plume opacity, the minimum requirement is 12.0% for True Distillate
Fuels with the proper fuel atomizing syster. A minimum of 11.0% ig desirable for Ash-Bearing -
Fuels, or 11.3% minimum when the carbon residue is greater than 3.5% (on 100% sample).

(1) Local codes on total stack particulate emissjons may set an upper limit on the sum of the ash
\ (non-filterable) in the original fuel plus the vanadium content. The vanadium together with the
required magnesium inhibitor may be a major contributor to total stack particulate emissions. In 1
estimating these emissions for comparison with the code, all of the following sources may have to
be considered: vanadium, additives, fuel ash and total sulfur in the fuel; non-combustible par-
ticulates in the inlet air; solids from any injected steam or water; and particles from incomplete
|

fuel combustion. Where an estimate of stack particulate emissions is required, General Electric
should be consulted.
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Table 4-3 - Fuel Specification

Westinghouse Gas Turbines

PRUOPLR'LY SPECLFICALLION
Flash Point No Restriction \
(see text) ‘
Keid Vapor Pressure No Restriction
(see text)
|
Pour Point No Kestrictlion i
(see text) |
]
Viscosity 45-70 SSU for Ignition (see Text) j
100 SSU for Combustion
Ramsbottom Carbon Residue (see text) i
Bottoa Sediment and Water (BS&W) (see text) |

Tracemetal Content PPM (WL) |

Sodium plus potassium £0.5 without coatings
>0.5 consult Westinghouse for |
coatings and/or treatment |

Vanadium 4 0.5 untreated j
>0.5 consult Westinghouse |
for treatment |

Lead £2.0 |
Calcium £ 10.0
Other Trace Metals £ 2.0
Sulfur 2 £ 0.5 with combined cycle and/or

heat recovery units. No limit

for Econopdacs

|
4-7
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Table 4-4

P&WA Fuel Specification
Distillate Fuel, Marine and Industrial Gas Turbine Engine

Distillation Temp., °F
IBP
108 Evap.
208 Evap.
SOs Evap.
908 Evap.

Flash Point, °F

Pour Point, °F

Cloud Point, °F

Viscosity, Cs at 100°F

Carb. Res. (on 108 Btms), Wt. §
Sulfur, Wt. o

Corrosion at 212°F, ASTM Code No.
Ash, Wt. %

Gravity, °API

Neutrality

Net Ht. of Comb., BTU/1b
Luminometer Number

High Temp. Stability
Pres. Change, in. Ha
Preheater Dep. Code

Sediment, mg/gal
Free Water Content, Vol. §

Trace Metal Contaminants, ppm
Vanadium
Sodium
Potassium
Calcium
Lead

Copper

R ——— —
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ASTM
Test Method Limits
D-86
To be reported
440 max.
To be reported
675 max.
725 max.
D-93 110 min. or legal
D-97 To be reported
D=-97 To be reporte?
D=-445 3.0 max.
D=524 0.15 max.
D~-129 1.0 max.
D-130 1 max.
D-482 0.095 max.
D-287 To be reported
D-1093 Neutral
D-240 or D-2382 To be reported
D-1740 25 min.
D-1660
12 max.
2 max.
D-2276 24 max.
- 0.01 max.
0.1
0.1
0.1
0.1
0.1
0.02
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Table 4-5 - Recommended Total Impurities Levels
Brown Boveri Turbomachinery, Inc.
Atomic
Na+k v Pb+Zn Ca 8 BS&W ASH§ Ni:irogen
(ppm) (ppm) (ppm) (ppm) (s) (v) (ppm) (ppa)
I. Distillate (#-CT,#2-GT)
A. Optimum 0.5 0.5 1.0 2.0 Legal 0.05 20 (2)
B. Acceptable * 1.0 1.0 1.0 2.0 Legal 0.05 100
IXI. Crude (#3-CGT,84-GT) (4)
A. Peak Bhaving Svc. ** 2.0 1.5V 5.0 10.0 Legal 1.0 (3) (2)
B. Base load *#e 1.0 o.5(1) 2.0 5.0 Legal 1.0
III. Residual (#3-GT,04-GT) (4)
v A. Peak Shaving Svc. ** 2.0 1.5 s 10.0  lLegal 1.0 &) @
B. Base Load ### 1.0 0.5 2.0 5.0 Legal
1.0
5%
® Acceptable on economic grounds, see Section III, para. F, page 7 3§
=
(@]
*® For meeting peak demands, turbine at base rating, 1000 hr/yr or less T '>-
O v
e*¢ por continuous operation (over 1000 hr/yr) = >
~m
# In fuel only >
(1) Fuel with up to 150 ppm V may be used with suitable inhibitor additives under conditions
'- discussed in the text. Candidate fuels with vanadium contents above this level should be 4
cleared by Brown Boverl Turbomachirery Engineering Department on an individual case basis.
(2) Nitrogen contents of all candidate fuels should be reported to Brown Boveri Turbomachinery 1
Pngineering Department.

(3) Ash contents of all candidate fuels should be reported to Brown Boveri Turbomachinery Engineering Dept.
(4) The limits specified, with the exception of vanadium limits, are intended to apply to fuel
after treatment.
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SECTION 5
ON-SITE FUEL PRETREATMENT

On-site treatment can be employed to upgrade quality to acceptable specifica-

1,243,4,5,6, Such treatment(s) can permit the use

tions for use in gas turbines.
of lower cost fuels by removing impurities which may have detrimental effects on
gas turbines. When fuels do not meet quality standards, each turbine and its
fuel are considered individually to determine if pretreatment is possible and, if
so, for selection and design of a correct treatment system. Detrimental effects

caused by impurities include:

e High temperature corrosion
e Ash deposition

e Fuel system fouling

Trace metal elements are the cause of high-temperature corrosion. They form
compounds that melt on the gas turbine hot-gas path components, dissolve the
protective oxide coatings and thereby leave the metal surfaces open to corrosion.
Sodium, potassium, vanadium, and lead in conjunction with sulfur in the fuel are

the prime causes of such high temperature corrosion.

In addition to trace metals, other impurities in the fuel may form ash deposits
which gradually decrease the cross-sectional area of the gas path and thereby
reduce the performance of the turbine. Presence of solid oxides, silicates,
sulfides, and related compounds in the fuel are the principal cause for fouling

of fuel system components.

Distillates, such as No. 2 diesel oil, are ideal gas turbine fuels and normally
require only a minimum of on-site fuel preparation equipment. This would normally
consist only of filtration to prevent entry of particulate matter into the gas
turbine combustor with the fuel. In cases where excessive water may be present
in the fuel, this must be removed by mechanical means. Excessive water can cause

corrosion of fuel handling components and turbine malfunction,

=]
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On-gite gas turbine fuel pretreatment other than simple filtration is normally
confined to cases where heavy petroleum liquid fuels are used. These include
crudes, heavier residual fuels, and blends of crude or residual with distillete.
True distillate fuels do not normally require any special pretreatment other than
to remove contaminants that may be introduced during transportation or storage.
Use of residual and crude fuels for gas turbines is very limited in the United
States because such fuels usually have a sulfur content which exceeds allowable
limits. Therefore, on-site fuel treatment systems for such fuels are not common
in the United States. However, such treatment systems are fairly common in other
parts of the world where sulfur emission limits are less stringent because of the
substantial economic advantage of using crude or residual fuels in conjunction

with fuel treatment rather than using distillates fuel.

The common impurities in gas turbine fuels of primary interest are shown in Table
5-1 along with the typical limits, effect on turbine and the type of treatment
normally used. There is no known economical technique for removing or providing
inhibition of lead. Therefore, it is necessary to restrict gas turbine fuels to
those containing less than 1 ppm. There is no known economical on-site method for
removing sulfur or sulfur compounds. As discussed previously this has restricted
the use of crude and residual fuels for gas turbines in the United States because
these fuels normally contain levels of sulfur in excess of the levels permitted

by emission rules.

The methods of on-site fuel treatment presently in use fall into three broad
categories: (1) filtration, (2) fuel additives to inhibit the detrimental
effects of impurities and (3) removal of impurities by water washing. Each of

these is described below.

5.1  FILTRATION

Filtration is normally provided for all gas turbine fuel systems to remove
particulate matter from the fuel which may be present in the fuel as produced or
may be introduced during handling and storage. The most common contaminants that
can be removed by adequate filtering include solid oxides, silicates, and related
compounds. Presence of these particles will lead to clogging of fuel pumps, flow

dividers, and the fuel nozzles in the turbine combustors.

5=2
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There are many types of filtration systems used in gas turbine fuel systems.
Most on-site heavy petroleum fuel systems contain several different stages of
filtering. Strainers are provided between the fuel pump suctions and storage
tanks. Where the strainer load is high, these can be of the motor driven self-
cleaning type. These are usually followed by 50 and 100 mesh screens down-stream
of the pump. Finally, just prior to the combustor, the fuel is filtered with 5 or
10 micron filters. For lighter liquid fuels, coalescing filters are often used
to remove water containing salts. Where fuels contain a large amount of solid
particulates, centrifuges can be employed to clean the fuel, thereby minimizing

filter maintenance.

5.2 FUEL ADDITIVES

In practice, fuel additive treatment is used only for inhibition of vana-
dium in the fuel by addition of magnesium compounds. This has been found to be
the most cost effective manner of dealing with high vanadium content. Vanadium
occurs im petroleum fuels as an oil-soluble form which cannot be removed from the
fuel by waterwashing or mechanical separation. The magnesium compounds arrest
the corrosive characteristics of vanadium by forming high melting temperature

ash composed of magnesium sulfate, magnesium oxide, and magnesium vanadates.

There are several types of magnesium additive systems in use for vanadium
inhibition. A ratio of approximately three parts of magnesium to one part of
vanadium is required. The general types of additives that are used are oil
soluble (magnesium sulfonate and magnesium naphthenate), suspended (magnesium
oxide and hydroxide), and water soluble (magnesium sulfate). Of these compounds,
the easiest to use are the oil soluble compounds. They are simply metered into
and mixed with the fuel. Capital equipment cost is minimal, but operating cost
is high due to the high cost of these compounds. This approach is acceptable for

relatively low vanadium levels or low fuel consumption levels.

Magnesium sulfate, commonly known as Epsom salts, is the lowest cost magne-
sium additive. However, this compound is supplied in crystalline form and must
be dissolved in water prior to use. It is normally injected on a continuous
basis as a water solution into the fuel line directly ahead of the turbine so
that there is no chance of settling. For use on a batch basis, it must be

emulsified into the fuel by use of an emulsifying agent.
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Suspension type additives are concentrated stable supensions of very finely
divided magnesium oxide or magnesium hydroxide in the fuel oil. These concen-
trated suspensions disperse readily in the fuel to form uniform mixture and must
be continuously uixed to prevent separation if stored for more than a limited
time. These additives are the most concentrated and therefore result in the
lowest cost for shipping and handling. The cost of these compounds on a magne-
sium content basis is somewhat more than magnesium sulfate and considerably less
than the oil soluble compounds. However, the presence of fine solids in the fuel
as a result of addition of these compounds present a risk of excessive abrasive
wear on fuel pumps and flow dividers unless the particles are kept extremely

small.

Silicone additives have been used to make gas turbine combustion ash drier,
less dense, and more friable. Silicone has usually been used in conjuction with
a magnesium additive. The reason for modifying the nature of the ash is to
achieve less ash deposition in the hot-gas flow path and/or to produce an ash

which is more readily removed by turbine cleaning.

5.3  WATER-WASHING

Water-washing has become an acceptable method of removing soluble trace
metals from liquid gas turbine fuels (basically, sodium, potassium snd calcium)
to minimize high temperature corrosion, as well as their effect in the presence

of sulfur.

There are 2 methods of water-washing, commonly referred to as "electro-
static precipitation" and "centrifuging". Both of these systems treat the fuel
oil in an identical manner; hcwever, using a different means of eventually
separating wash water from the gas turbine fuel. In both cases, fuel is emulsi-
fied with water through the aid of a wetting agent in order to dissolve trace
elements in the wash-water. In the case of the electrostatic precipitator, the
fuel is separated from the aqueous phase by electro-coalescence after the water
has di¥olved soluble trace elements. The fuel is subsequently inhibited for
vanadium presence before being burned in the gas turbine. In the case of the
centrifuge, wash-water is removed from the fuel by mechanical means prior to
sending the fuel to vanidium treatment and subsequent combustion in the gas

turbine.

5-4
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It is important to control viscosity and iuel temperature during water-

washing process to assure high purification efficiency.

For highly contaminated fuels, several stages of water-washing may have to
be employed and there are cases where, because of the fuel characteristics,
water-washing using electrostatic precipitators followed by centrifuges have
been employed. The exact method, of course, would be based on the analysis of

the fuel being considered for gas turbine application.

Both the electrostatic precipitator and the centrifuge water-washing
methods have additional side benefits; they provide additional filtration of the
gas turbine fuel prior to combustion. The electrostatic unit is effective in
removing extremely small particles, particularly those having a size less :chan 5
microns. The centrifuge, on the other hand, is more adaptable to removing the
larger particle sizes. Hence, depending on the fuel characteristic, it is
desirable in certain cases to combine the two systems to provide not only water-
washing but also added filtration in order to eliminate the need for an elaborate
filtration system. Figure 5-1 depicts a typical water wash separation system

with chemical aid additions.

Because some of the modern gas turbinz fuel systems require extremely low

particulate content in the fuel, a water-wash arrangement using electrostatic

) precipitators and centrifuges is indicated, even though allowable trace elements
are within accepted limits. This is because the typical 5-micron filter does not

give adequate particulate removal performance.
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TABLE 5-1
GAS TURBINE FUEL IMPURITIES

IMPURITY TIII’;(ITQIE ' EFFECT ON TURBINE TYPE OF ON-SITE TREATMENT :
2 i
Particulate - Note (1) Fuel system fouling and erosion | Filtration and centrifuging
L Matter of gas path components
Sodium plus 150 ppm High temperature corrosion Water washing of fuel
Potassium
4
Calcium 10 ppm Hard deposits Water washing of fuel to a
limited extent i
Z Lead 1 ppm High temperature corrosion No known economical method !
Vanadium 0.5 ppm High temperature corrosion Inhibited by addition of
magnesium to the fuel
* Sulphur Note (2) High temperature corrosion in No known economical on-site
the presence of sodium and method
potassium
Notes: (1) Limits on particulate matter are a function of the total for both the combustion
air and the fuel. Limits on particulate matter are normally determined by air
: quality requirements rather than limits imposed by detrimental effects on the
turbire.

(2) Sulfur alone is not a problem with regard to its effects on turbine components.
Sulfur limits are dictated by emission limits for SO,.
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Figure 5-1 - Typical Flow Diagram of an Electrostatic System
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SECTION 6
FUEL STORAGE AND BLENDING

Storage of raw syncrude liquids in nitrogen blanketed API cove roof tanks is

required to prevent oxidation and/or degradation of the syncrude liquid. It has

been found that chemical degradation occurs in polar asphaltene compounds of

syncrude when exposed to the atmosphere. The blanketing material must be nitro-

gen or an equally inert material. The use of carbon dioxide as a blanketing gas

has resulted in increased quantities of sludge formation indicating an objec-

tionable reactivity.

The DOE Energy Technology Center, Bartlesville, Oklahoma, is sponsoring a series
of studies on the subject of "Stability Characteristics of Hydrocarbon Fuels".
Coal and o0il shale derived synthetic fuels are included in the program. The

first report, expected in two months, will include both theoretical and practical

Preliminary results with syncrudes have shown that:

aspects.

I Thermal stability is often unsatisfactory.

2. There can be an interactive effect (synergism) between syncrude
components which causes polymer (gum) formation, while each
individual compound may be inert.

3. For nitrogen-containing fuels, stability was found to be related
to particular nitrogen compounds rather than to the overall nitro-
gen content. Alkylated pyrroles have been found most active in
fuel property degradation.

4. Stability can be improved by addition of antioxidant agents, by

addition of specific additives tailored to the fuel composition

(e.g. neutralizing the action of pyroles if these are present), by

re-refining of the fuel, or by hydrotreating.

In general, it is felt that appropriate treatments can create stable fuels. The

degree of treatment depends on the energy and economic costs involved and on the




minimum degree of stability acceptable. Treatment selection will be dictated by

a trade-off between these factors and will vary according to the specific fuel
utilization and the corresponding logistics.

Blending of syncrude liquids can be significantly different from blending petro-

leum refinery liquids. This is due to the high aromatic content of syncrude

refinery liquids even after hydrotreating. This introduces a degree of incompa-

tibility when coal liquids are blended with paraffinic stocks. Such incompatibi-
lity could result in sludge formation and/or insoluble compounds being formed.
The options are further hydrotreating to reduce aromatic content before blending

or use of coal syncrude liquids with modified burner systems.

Blending of naphthas to gasoline would be the same as with now normal refinery
practice.
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SECTION 7

EMISSION SOURCES AND CONTROLS

7.0  INTRODUCTION

The U.S. Environmental Protection Agency (EPA) has carried out a consider-
able amount of work (directly, or indirectly through contractors® in the field of
emissions from stationary gas turbines.l Most of the informaiLion presented in
this section has been obtained from EPA; the major references are presented at
the end of the section. Where appropriate for purposes of this literature survey
summary, certain sections of the following presentation represent direct ex-
cerpts from the references cited; copies of published tables and figures are also

presented for reference.

The pollutants emitted from gas turbines are those common to all combustion
sources, NOx, CH, Co, 802, particulates, and visible emissions. The mass emis-
sions from stationary gas turbines will differ depending on several variables
such as turbine firing temperature, turbine pressure ratio, turbine load, com-
bustor design, and atmospheric conditions. Table 7-1 shows typical visible, CO,
802, and NOx emissions for turbines of various sizes manufactured by several
companies when fired with both natural gas and liquid fuels.l The table shows
that for turbines operating at base load visible emissions are generally less
than 10 percent opacity, NOx emissions range from 0.94 1b/hr to 1578 1b/hr for
turbines having outputs of 0.16 MW and 87.8 MW, respectively, and CO emissions
range from O 1b/hr to 47.2 1b/hr for turbines having outputs of 60 MW and 51.7 MW,

respectively.

Sulfur dioxide emissions are a function of the efficiency of the gas
turbine and the sulfur content of the fuel, since virtually all fuel sulfur is
converted to oxide.

Unburned hydrocarbon emissions from gas turbines are due to vaporized

unburned fuel or partially burned products which escape the combustion reaction

7=1




e ——— b —— T ——

zone and are emitted in the exhaust. Since combustion efficiencies of gas
turbines operating at base load normally exceed 99 percent, hydrocarbon emis-
sions at base load are not substantial and may range from 1 to 5 ppm total
hydrocarbons measured as methane or hexane (1 ppm is approximately equal to 3
1b/hr for a 30 MW turbine). Ambient hydrocarbon levels during many of these

tests for hydrocarbon emissions were also measured as 1 - 5 ppm.

Particulate emissions from gas turbines consist of ash from the fuel,
carbon particles and hydrocarbons resulting from incomplete combustion. Depend-
ing on the size of the turbine and the fuel burned, particulate emissions range
from 1 1b/hr to over 40 1lb/hr and vary from 0.002 gr/scf to 0.10 gr/scf. For
example, particulate emissions from a turbine operating at 20 MW and burning
natura! gas were 4.8 lb/hr while those from a turbine operating at 52 MW and
burning #Z oil were about 41 1lb/hr. Somewhat higher levels of particulate

emissions may result from gas turbines fired with crude or residual fuels.

Visible emissions or smoke emissions from gas turbines may be caused by
only a small portion of the total particulate emissions since they are comprised
of the extremely small and finely divided particulate matter. Various studies
have indicated that the major contributor to visible emissions are the particu-
lates consisting of low density agglomerates of carbon which are generally less
than 1 micron in size and of the same order of magnitude as the wave length of
visible light thus producing a greater visual effect than larger particulates.
Table 7-1 shows that visible emissions from stationary gas turbines operating at

base load are generally less than 10 percent opacity.
Nitrogen oxides are formed by the combination of nitrogen and oxygen in the
combustion air ("thermal" NOx) and by the combination of nitrogen in the fuel

with oxygen from the combustion air ("organic" NOx).

7.1 FACTORS AFFECTING EMISSIONS FROM STATIONARY GAS TURBINES

7.1.1  PARTICULATE AND VISIBLE EMISSIONS

Some fuels may form more smoke or visible emissions than others if

compensatory design changes are not incorporated in the combustion system. The
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paraffinic saturated fuels tend to "smoke'" less than the aromatic or unsaturated
fuels and this smoking tendency is related to the chemical bond energies neces-
sary to completely consume the fuel. Fuel hydrogen content and residual carbon
content also affect visible emissions. A reduction in hydrogen content or an
increase in residual carbon, or both, can increase visible emissions. Figure 7-1
presents visible emissions versus the firing temperature of the gas turbine when

burning an East Coast residual fuel.

Other factors which affect visible emissions are combustor design
parameters which primarily relate to the fuel/air ratio and to the mixing of fuel
and air. Carbon can be formed in the primary zone of the combustor if local areas
of fuel rich mixture exist. Therefore, combustor designs which provide leaner
fuel to air ratios (less fuel, more air), minimize the number of localized fuel
rich areas, provide effective fuel atomization and mixing with air, and result in
sufficient lean regions within the combustor for smoke burnout, are the most

effective in decreasing the particulate load and thereby visible emissions.

7.1.2  HYDROCARBONS AND CARBONS MONOXIDE

Incomplete combustion is the principal cause of emissions of
hydrocarbons (HC) and carbon monoxide (CO). Gas turbines are typically designed
for optimum combustion effiency in excess of 99% at full load. This efficiency,
however, typically drops to the 90 to 95 percent range for operation at idle or
low power conditions. Because of this drop, emissions of HC and CO from the
turbines will be higher for turbine start-up and operation at low loads and will
be a minimum at full load operations. Figure 7-2 shows HC emissions versus fuel
to air ratio, and Figure 7-3 shows CO emissions versus firing temperature. Since
fuel to air ratio and firing temperature are proportional to gas turbine load,
Figures 7-2 and 7-3 demonstrate the trend for HC and CO emissions to increase

with decreasing turbine load. This increase becomes exponential at low loads.

The low combustion efficiency (and, hence, higher HC and CO emis-
sions) experienced in gas turbines operating at low loads is due to the poor
burning conditions. Low combustion inlet air temperatures cause quenching to
occur thus terminating combustion before completion, and the low fuel to air

ratios (fuel lean combustion) result in lower burning intensity in the primary
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zone of the combustor. The low fuel and air flows at low power operation result

also in poor fuel atomization and distribution.

The specific ratio of HC and CO emissions from gas turbines oper-

ating at low power conditions (and, therefore, lower efficiency) also varies with

specific design features of the engine combustor and fuel injection systems. The
ratio of CO to HC emissions generally increases as the efficiency level in-

creases. This is consistent with the chemical kinetics of combustion reactions

which show that HC compounds are consumed faster than CO, with the result that,
as gas turbine efficiency is increased, any remaining non-equilibrium products

of combustion will tend to exist mainly as CO. The levels of CO and HC emissions

from gas turbines with high compression ratios (ratio of compressor inlet air
pressure to compressor outlet or combustor inlet pressure) are less than CO and
HC emissions from turbines with lower compression ratios, because the increased
combustor inlet temperatures and pressures due to higher engine compression

ratios result in improved combustion efficiency at idle or low power conditions.

Another factor which may affect HC and CO emissions from a given
engine is the type of fuel burned. These effects can be somewhat alleviated by
proper design of the combustor to burn specific fuels. Figure 7-4 shows CO

emissions versus load for a 26 MW gas turbine produced by Westinghouse Electric

Corporation when burning a heavy distillate fuel, No. 2 distillate fuel, and

CO emissions when burning heavy distillate fvel are consistently
Figure 7-5 shows HC versus load for

natural gas.
above those when burning the other fuels.
the same turbines and fuels; in this case no significant differences are ob-

served.
7.1:3 NITROGEN OXIDES

Nitrogen oxides (essentially nitric oxide, NO) produced by combus-
tion of fuels in stationary gas turbines are formed by the combination of nitro-
gen and oxygen in the combustion air ("thermal" NOX) and by the combination of

nitrogen in the fuel with oxygen from <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>