Section 4

PLANT DESCRIPTIONS ~ CASE B2 .
LOW=-CONVERSION METHANOL PLANT WITH COS HYDROLYSIS
UNIT/1500 PSIG SATURATED STEAM AND 2000°F GAS TURBINES

GENERAL

A grass roots plant for elecfric power generation based on single-stage entrained
oxygen-blown gasifiers of the Texaco type, integrated with current state-of-the-
art combined-cycle generating equipment, is shown schematically on Bleck Flow
Diagram EXTC(ME-B2)-1-1 for Case B2. Each block indicates the area and unit num-
bering, as well as the number of operating trains in each unit. The plant con~
sumes 10,000 short tons per day of Illinois No. 6 coal, fed to the gasifiers in a
water slurry containing 66.5 weight percent solids.

The main plant consists of coal pulverization and slurry preparation, oxidant
feed, gasification, gas cooling. acid gas removal, zinc oxide treatment and
methanol units, together with the combined-cycle power system. Coal receiving,
storage, and conveying are accomplishcd in a single train to minimize space and
operating labor requirements. Coal pulverization requires two parallel trains
containing equipment of the largest sizes now available. The oxidant feed unit
has five parallel cperating trains. The gasification unit has three parallel
operating trains and one spare trairi. One train ash handling system (without
spare) serves all of ‘he gasification units. The gas cooling comprising of COS
hydrolysis unit and an acid gas removal unit, has two operating parallel trains.
The zinc oxide treatment unit has three parallel trains. The methanol plant con-
sists of five reactor trains, and one gas cooling and methanol flash train. Thers
are five parallel gas turbines, ten heat recovery steam generators, and a single
primary steam turbine.

In addition to the main processing trains, the plant includes necessary utility,
environmental, and support facilities. Environmental safeguards have been con-

sidered by recovering elemental sulfur from the hydrogen sulfide in the acid gas.



Besides the two 50 percent operating trains, the sulfur recovery and tail gas
treat:ing units each have one 50 percent spare train to protect the environment in
the event of equipment failure. Mnst of the process condensate is recycled to
slurry preparation, while a small purge stream is treated before disposal. The
plant storm water and utility waste water are collected and treated. The utility
systems . supporting the plant operation consist of a raw water treating unit,
cocling tewers, and a condensate collection and deaeration system. Additiomal
support facilities provided are plant and instrument air, potable water, fuel gas
Flare, fire water, buildings, loading docks, and electrical distribution.

In the flow diagram numbering scheme, EXTC is an acronym for Entrained oXygen-
blown Texaco gasifier, with a Combined-cycle power plant. ME designates a
MEthanol coproduction study, and A2 and B2 refer to the two cases studied as
described by the flow diagram titles. The numbers x:efer to the unit number and
then the flow diagram number for each unit.

Table 4-1 shows the number of operating and spare trains for major sections of
Case B2. )



Table 4-1

TRAINS OF EQUIPMNENT IN MAJOR PLANT SECTIONS - CASE B2

Unit

No.
10
10
10
11

20
20

20

21
21

22
23
24

25
25

30

3z

40
40

50
S1
51

*Five
flash

Name

Coal Handling

Coal Grinding

Slurry Preparation

Oxidant Feed

Gasification

High-Temperature Gas Cooling and
Gas Scrubbing

Ash Handling

Gas Cooling
COS Hydrolysis

Acid Gas Removal
Sulfur Recovery
Tail Gas Treating

Zinc Oxide Treating
Methanol Plant

Steam, BFW and Condensate Systes

@ Condensate Collection and
and Deaeration

e Water Treating
Cdoling Water System

Effluent Water Treating
Process Condensate Treating

Gas Turbine/Generator

Heat Recovery Steam Generator
Steam Turbine/Generator

reactor trains and one gas cooling and methanol

train

Operating Spare
1 1]
2 1]
1 4]
5 0
3 1
3 1
1 0
2 0
2 0
2 0
2 1
2 1
3 0
* 0
1 0
1 )
1%% 0
1 ]
1 0
5 0

10 0
1 0

**The cooling tower dedicated to the process plant sections
is separate from the towers dedicated to the steam turbo-
generator condenser
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OXIPANT FEED

Process Flow Diagram EXTC(ME-~B2)-11-1 shows the oxidant feed system design used
for Case B2. There are five parallel trains each consisting of one air compres-
sion system, one air separation plant and one oxygen compression system. No

spare train is provided in this section.

Atmospheric air at 14.4 psia, B8°F is compressed to 95 psia in two-stage axial-
centrifugal machines 11-1-C-1. The heat of compression is rejected to vacuum
condensate water in intercooler 11-1-E-1 and to cooling water in intercooler
11-1-E-2 and afterg:ooler 11-1-E-3.

The 122,800 total hp required by the air compressors is supplied by electrie
motors. The compressed air at 90 psia, 100°F is processed in air separation unit
11-1-ME-1 to produce a total of 8380 tons per day (100 percent O, basis) of
98 volume percent oxygen. The air separation unit operating parameters are
typical of those for reversing exchanger plant design, which uses turboexpanders
for refrigeration. These turboexpanders produce 1.72 MW of power for in-plant

consumption.

The 98 mole percent oxygen product at 2 psig, 90°F is compressed to 1120 psig in
six stages, prior to being fed to the gasifiers. The interstage heat; of compres-
gion is rejected to cocling water in interstage coolers 11-1-E-4 through 11~1-E-8.
The final discharge temperature is 287°F which is judged to be within design

limits for commercial equipment.

The 68,000 total hp oxidant compression requirement is supplied by electric

motors. The startup of the coal gasification unit will be greatly simplified by
usi:ng electric motors, rather than steam turbines as drivers in the oxidant feed
system. Additionally, the steam distribution and condensate collectioﬁ systems
are simplified by concentrating the higher pressure steam usages in the combined-

cycle section of the plant.

Equipment Notes

The air compressor and cryogenic air separation plant are commercially available.
The oxygen compressor with 1120 psig discharge pressure, is an extension of the
commercially-demonstrated centrifugal machine with 950 psig. Attainment of

designs based on 1120 psig discharge pressure with current technology is judged



to be commercially avajlable. The use of water-cooled oxygen compressors to
obtain a 95°F interstage temperature lowers the required compression horsepower.
Many of the pPrevious oxidant feed syster designs in EPRI studies used air-ccoled
exchangers for this service. Minimizing power demand is an inportant considera-
tion, since the oxidant feed system is the largest internal consumer of electric
power in the GCC plant. Power requirements may be reduced further, through
process optimization, by air separation plant suppliers.
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GASIFICATION AND ASH HANDLING ‘

Process Flow Diagram EXTC(ME-B2)-20-1 shows the gasification, raw gas cooling,
and particulate removal steps for Case B2. Three operating trains and one spare
train are provided. The ash handiing system is a single 100 percent capacity
train. The 20-ME-2 box represents proprietary sections of the Teraco coal gasi-
fication process containing many units of equipment.

The Texaco gasifier is a vertical cylindrical vessel with a low alloy steel shell.
The rcaction section of the gasifier, the effluent gas line, and the slag sepa-

rator are refractory lined.

Coal slurry and oxygen combine at the gasifier burners. Each burner is oriented
downward from the top head of the gasifier. The burners have circulating, tem~

pered water-cooling coils.

The gasification section 20-1-R-1 operates at an average pressure of 1000 psig
and at temparatures in the range of 2300°F to 2600°F. The ash melts to form slag.

The gasification temperature must be sufficiently. above the ash flow point to

ensure free~flowing molten slag. ‘Most of the coal ash is converted to molten slag
and falls into a water quench at the bottom of the gasifier. Part of the coal

burns with oxygen to produce 2 hct flue gas. This combustion reaction provides
heat for the endothermic steam/carbon and carbon/CO, reactions. The hydrogen and
carbon in the coal react to form CO, .CO,, H, and a small amount of CHy. Most of
the sulfur is converted to H,S and COS. Nitrogen in the coal transforms to free
nitrogen and a small guantity of ammonia. At the high temperatures prevailing in
the gasifier, some of the ammonia in the recycled water is eliminated by dis-

sociation and combustion reactions in the gasifier.

The crude gas product formed in the gasification zone separates from most of the
molten ash, leaves the gasifier, and is then quenched with cool, scrubbed,
recycle gas below the ash softening point. The amount of this recycle gas is
related to ash properties. We have selected an amount which reduces the gas
temperature sufficiently below the cocl softening temperature to assume it is
solidified. If more recycle is actually required to reduce ash fouling, the over-
all plant efficiency would not be altered significantly. However, due to the
higher throughput, the capital costs would Change for the affected exchangers and
recycle gas compressors. The miging with recycle gas takes place in a gas quench
vessel att':ached to the gasifier. Both the gasifier and gas quench vessel are

4-11



vertical cylindrical chambers that are refractory lined to shield the low-alloy

vessel shell from high temperatures.

Solids entrained in the exit gas are captured in gas scrubber 20~1~V-4, combined
with the slag from all operating gasifiers and processed in a single ash dewater-
ing system 20-ME-2. The resulting ash cake, assumed to contain 40 weight percent
water, is transported to a landfill disposal by railroad cars. Overflow from the
‘slag dewatering unit is recycled to the coal slurry and slag quench areas. A
slip stream of 107 gpm of reclaimed process water is purged to a proprietary
Texaco water treating process for removal of ultrafine slag and soot particles,
dissolved metals, formates, sulfides, and ammonia. This water treating unit is

included in the general facilities section.

Energy Recovery

RHot crude gas with entrained ash particlesAenters 20-1-E-1, where 1500 psig
saturated steam is generated by recovery of high-level sensible heat. For this
feasibility study, the capital cost of these units is based on a horizontal Fire-
tube~type design. It is recognized that the exchanger configuration ultimately
adopted for commercial plants may not be the same as that used in this case,
Final designs of the commercial units must accommadate the ash fouling char-
acteristics at high pressure in a reducing environment. These conditions are
severe ones, for which more operating experience is required. In the design
adopted for this study, the boiler inlet channel is refractory lined and the tubes
are constructed of low-alloy steel to resist the temperature and hydrogen content
of the crude gas. This heat transfer equipment includes special proprietary fea-
tures to effectively prevent ash buildup. Soot blowers or other special solids
removal systems are not provided. A process contingency of 20 percent has been

applied to the estimated installed cost of this unit to reflect the uncertainty
associated with this design.

Raw gas leaving the high-pressure saturated steam generator is further cooled by
heating methanol synthesis gas from Unit 21 in 20-1-E-2, before being routed to
the methanol plant and by heating gas scrubber overhead in 20~1-E-4, before being
routed to the COS hydrolysis unit. Saturated medium-pressure (MP) steam at
115 psig is generated by cooling the raw gas further in 20-1-E-3. The ash con~-
taining raw gas, flows on the tube side to reduce solids deposition. Hot boiler
feedvater at HP-s£eam saturation temperature (598°F), and boiler feedwater streams

at 347°F are supplied from heat recovery steam generation (HRSG) units located in



Unit 51. Exchanger 20-1-E-3 is a kettle—tyﬁe boiler with the boiler feedwater
fed to the shell side.

Particulate Removal

The particulate bearing raw gas leaves the cooling unit and flows to the gas
scrubber 20-1-V-4. Ammonia absérber‘bottoms and hot process condensate from the
gas-cooling area (Flow Diagram EXTC(ME-B2)-21-1) are used for gas scrubbing.
Water from 20-1-V-4 is recycled to 20-ME-~2. The solids~free raw gas from
20-1-V-4 is reheated to 50°F, above its dew point in 20-1-E-4, and flows to the
gas-cooling section Unit 21. 1In subseguent sections of this report dealing with
economics, the reader's attention is called to the fact that costs for equipment
included in the proprietary gas cooling and scrubbing units are included in the

gas cooling system (Unit 21) costs.

Equipment Notes

The Texaco gasifier is commercially’proven for the gasification of liquid hyﬁro-
carbons. Commercial experience with ceal gasification is limited. One Texaco
coal gasifier has been operating for over two years in Germony at about 560 psig.
This gasifier handles only six tons per hour of coal, about four percent of the

design throughput of the gasifiers used in this study. Another installation for
TVA vhich feeds eight tons per hour at a similar presswi is ready for startup.

A gasifier of the size used in this study, but air blown a; a lower ﬁressure, is
being readied for startup for a confidential U.S. company. The Texaco coal gas-
ification research facility at Montebelleo, California i; presently testing coals

in a gasifier which operates at over 1000 psig.

A coal gasifier having approximately one-half of the capacity of the gasifiers
used for this study (when corrected for pressure effects) is currently in the
final engineering design stages. This gasifier, to be constructed as part of
the Cool Water Coal Gasification~Combined Cycle Demonst: ation Plant by Southern
California Edison Company, Texaco, Inc., EPRI, General Electric Company, Bechtel
and others, is scheduled to commence operation in 1984. Therefore the gasifiers
employed in this study should be considered to be an extension of existing'tech-
nolegy, even after the Cool Water plant has operated. The intent of this study
is to project equipment performanace and costs for “mature" technology systems,
i.e., systems that could exist after approximately five large scale commercial

plant have been built and successfully operated.

4-13



The slag dewatering system is composed of commercially=-proven equipment.
The gas scrubbing unit equipment is commercially available.

The key features in these designs center on the heet transfer equipment used for
high-level sensible heat recovery. 1500 psig saturated steam is generated in an
unconventional fire-tube boiler. Successful designs of similar items, which pro-
cess gas containing no entrained solids, have been developed by Steinmuiler and

by Siegenef, both of West Germany. The designs and coct estimates adopted in

this study were developed by a major waste heat boiler manufacturer. ‘It is also
inportant to realize that the gas cooler designs for this study are different

from those being designed for the Cool Water Demsnstration plant.

The gasifier and dry-gas equipment metallurgies are well-defined based on the
liquid hydrocarbon partial oxidation experience. Materials of construction for
equipment in contact with recovered process condensate are difficult to specify
at this stage of development. Actual materials for commercial units will likely
be highly specific to the feed coal. The purge rate of ..rocess condensate to
treating is one parameter which will affect the choice of metallurgies in commer-
cial systems. A detailed study of the cost/benefit relationship ketween purge

rate and material costs is beyond the scope of the present work.
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GAS COOLING

Process Flow Diagram EXTC(ME-B2)-21-1 shows one of the two parallel trains in the

gas cooling section for Case B2. No spare train is provided.

Clean gasifier effluent from 20-1-E-4 at 440°F enters the gas cooling section and
is fed to the COS hydrolysis unit 21-1-V-53 and 5B. In this unit, COS is
hydrolyzed to H,S in the presence of an activated alumina catalyst according to

the selective veaction:

COS + H,0 » H,S + €O, (4-1)

Clean effluent from the hydrolysis unit is cooled to 105°F on the tube side of a
series of exchangers 21i-1-E-1, 21-1-E-2, 21-1-E-4, and 21-1-E-5. Heat is recov-
ered in exchanger 21-1-E-1 by fhe generation of saturated 50 psig steam. The

effluent, after separation of condensate in the knockout drum 21-1-V-1, is then

cooled by exchanging heat against methanol synthesfs gas'in 21-1-E-2. The con-

densate produced in cooling is sepgrated in 21-1-V-2. Further gas cooling is

obtained in exchanger 21-1-E-4 by heating vacuum condensate. The gas is then

cooled by heat exchange in 21-1-E-5 against synthesis gas from the acid gas

removal unit. The resultant condensate is separated in knockout drum 21-1-V-3.

Condensate from knockout drums 21-1-V-1 and 21-1-V-2 flows to 21-1-V-3. Some of
the combined hot condensate from 21-1-V-3 flows to the slurry preparation unit
10-ME~6 and the remainder is pumped to the particulate scrubber 20~-1-V-4 and to
the gasifier 20-1-R-1 (Flow Diagram EXTC(ME~B2)-20-1).

The overhead gas from knockout drum 21-1-V-3 flows to ammonia absorber 21~1-V-4,
which contains six sieve~type trays. Ammonia is removed down to one ppm by con-
tacting the gas countercurrently with raw water at 70°F. The essentially ammonia-
free overhead gas at 100°F from the absorber then flows to the acid gas removal

unit for removal of H,S and COS. The ammonia-rich process condensate from the

bottom of the absorber is pumped to the particulate scrubber 20-1-V-4.

o

Equipment Notes

All equipment is commercially available. However, the CO0S hydrolysis catalyst

has not yet been demonstrated on a commercial scale.
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ACID GAS REMOVAL

Process Flow Diagram EXTC(ME-B2)-22-1 depicts one of the two parallel acid gas

rewmoval trains for Case B2. No spare train is provided.

The acid gas removal system einploys Allied Chemical Corporation's Selexol process
for selective removal of hydrogen sulfide (H,S) and carbonyl sulfide (COS). The
H,S and COS in the crude gas are absorbed in Selexol solvent to, the extent that
sulfur in the treated gas is reduced to 5 ppmv.

The cooled, ammenia-free crude gas from the gas cooling unit is further cooled by
heat exchange with the treated fuel gas in 22-1-E~5 and flows to the acid gas
absorber 22-1-V-1, where it contacts chilled Selexol solvent countercurrently over
a packed bed. The treated gas from the top of the absorber flows through a knock-
out drum 22-1-V-3 for recovery of solvent and exchanges heat with the feed gas.
Then it is routed to gas cooling Unit 21 for further heating.

The rich solvent from the bottom of the absorber is reduced in pressﬁre through a
hydraulic turbine 22-1-HT-1. Total hydraulic power from this and another turbine
supplies about half of the power required by the lean solvent pump 22-1-P-1. It
then flows to an intermediate pressure flash drum 22~1-V-6, where most of the
dissolved hydrocarbon gases in the solvent are released. However, because of the
selective absorption by the Selexol solvent, most of the dissolved H,S and COS
are retained in sclution. The solvent is further let down through a second
hydraulic turbine 22-1-HT-2, which supplies additional power to the lean solvent
pump. It then flows to a low-pressure flash drum 22-1-V-2, where additional

dissolved gases are released. These gases are routed to the acid gas knockout
drum 22-1-V-5.

The rich solvent solution from the low-pressure flash drum is heated by exchange
with hot regenerated lean solvent in plate exchanger 22-1-E-2 and then flows to
the top of the regenerator 22-1-V-4. 1In the regenerator, the absorbed H,S and
€O, are -tripped from the solution in a packed bed. Reboil heat is sup'plied by
115 psig steam in a vertical thermosyphon reboiler 22-1-E-3. Hot regenerated
~solvent is pumped back to absorber 22-1-V-1 through exchangers 22-1-E-2 and
22-1-E-1. 1In 22-1-E-2 heat is first exchanged with rich solution to reduce
reboiler duty. Then the lean solution is chilled in exchanger 22-1-E~1 to

operating temperature with refrigerant from the fluorocarbon refrigeration unit
22-1-ME~-1.
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Acid gas from the regenerator overhead is cooled to 120°F in regenerator overhead
condenser 22-1-E-4. Condensate resulting from this cooling step is separated in
knockout drum 22-1-V-5 and then pumped back to the regenerator by 22-1-P-2. A
small stream of demineralized water is added to the condensate at the discharge
of 22-1-pP-2, to m;intain the water balance in the absorption system. The cooled
acid gas from 22-1-V-5 contains about 33 percent H,S on a volume basis and flows

to the sulfur recovery unit for further processing.

Refrigeration System

The refrigeration system employed is a typical packaged fluorocarbon unit. The
compressor, receiver, and condensing equipment are fabricated on skids and
installed near lean solvent chiller 22-1-E-1. The capacity of the unit in each
train is about 4100 tons of refrigeration duty.

Equipment Notes

The majority of equipment in thi;s section is carbon steel. This equipment has

been used in similar service for several years. The use of plate-type exchangers
for the lean/rich solvent exchanger service repraesents a change from previous

EPRI designs. These plate-type units are léss costly than conventional shell-and-
tube exchangers for this service.

X
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SULFUR RECOVERY

Process Flow Diagram EXTC(ME-B2)-23-1 describes the basic sulfur plant design
used. The entire sulfur plant system for Case BZ has three parallel, 50 percent
capacity, sulfur recovery trains. Two operating trains and one spare train are
provided for increased reliability due to the important environmental require-

ments this unit fulfills. Sulfur recovery is 173 short tons per day per train.

The sulfur recovery unit is a two-stage acid gas bypass type Claus unit. About
one-third of the 120°F gas from the acid gas removal (Selexol) unit is burned in
a sulfur furnace 23-1-H-1 to convert H,S to S50,. Air for combustion in the
furnace is supplied by blower 23-1-BL-1. Heat from the combustion products is
recovered by generating 445 psig steam in waste heat boiler 23-1-E~1. The 900°F
exhaust gas from the sulfur furnace is mixed with the acid gas bypass stream and
the resultant 513°F gas is fed to the sulfur converter No. 1, 23-1~R-1. The
amount of acid gas bypassing the furnace ‘is controlled to maintain a ratio of
H,S to S0, slightly more than the 2:1 stoichiometric ratio reguired for the
sulfur formation reactions.

H,S and 50, react in the sulfur converter to produce elemental sulfur and water
according to the reaction

ZH,S+ 150, + 35+ 2H,0 (4-2)

This reaction is catalyzed by a bauxite or alumina catalyst contained within the
converter. The reaction is exothermic and results in a temperature rise in .the
gas flowing through the converter. Since this reaction is limited by thermo-

dynamic equilibrium, complete conversion of the H,S and SO, to elemental sulfur
is not achieved.

Converter effluent gas is cooled below its sulfur dew point in sulfur condenser
23-1-E-2 by generating 115 psig steam from boiler feedwater. Condensed sulfur
flows by gravity to a concrete sulfur sump 23-S-1A&B. Since sulfur is solid at
ambient temperature, it must be heated in the sump to take advantage of liquid
phase transport to loading facilities. The sump contains low-pressure steam

coils to maintain product sulfur in its molten state.
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Gases from condenser 23~1-E-2 flow to sulfur converter No. 2, 23-1-R-2 where the
sulfur formation reaction proceeds further. Again, the converter effluent is
coolaed to 2859F in 23-1-E-3 by heat transfer to medium-pressure boiler feedwater.

The condensed sulfur then flows to the sulfur sumps.

Tail gas at 285°F, still containing about 1870 lb/hr sulfur (mainly as H,S, with
smaller amounts of S0,, COS, and elemental sulfur) flows through coalescer
23~1-V-1 and then enters Beavon/Stretford Unit 24 for final sulfur recovery to
preserve air quality. ' .

Equipment Notes

The Claus sulfur process is established commercially and, consequently, the

equipment rcjuirements are well known.
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TAIL GAS TREATING

Process Flow Diagram EXTC-(ME-B2)-24~1 describes the Beavon/Stretford system
design used for the two oxygen-blown GCC plants in the study. 2As in the sulfur
recovery unit, two 50 percent parallel operating trains and a third identical
spare train are provided.

The 285°F tail gas from coalescer 23-1-V-1 in the sulfur recovery unit contains
unreacted H,S, S0,, COS, and the elemental sulfur species Sg and Sg. To meet

strict environmental limits, the gas is processed further to remove these sulfur
compounds.

The tail gas treating unit employs a proprietary process called Beavon/Stretford,
which is a modification of the well-known Stretford process. The Stretford pro-
cess is designed to boih remove H,S from atmospheric pressure effluent gas
Streams, and convert this H,S to elemental sulfur. The Stretford process is not
suitable for handling gas streams which contain substantial amounts of so,, cos,
Sg and Sg. The Beavon unit in this process is added to catalytically reduce (or
hydrolyze, in the case of COS) these compounds to H,S.

The reactions occurring over the cobalt molybdate catalyst in the Beavon unit

are:
80, + 3 H, > H,5 + 2 H,0 (4-3)
COS + H,0 + CO, + H,S ’ (4-4)
Se + 6 Hy > 6 H,8 ' (4-5)
Sg + B Hy > 8 H,§ (a-6)

The above reactions require hydrogen. A feed gas hydrogen content 1.5 percent in
excess of the stoichiometric demand is sufficient to convert essentially all sul-
fur compounds to H,S, with the exception of a small residual (perhaps 50 ppmv)
of COS. The tail gas stream itself does not contain enough hydrogen or enough
carbon monoxide (which can be hydrolyzed to hydrogen) to react with the varicus

sulfur compounds. Rather, a major portion of flash gas from the acid gas removal
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unit supplies the necessary hydrogen and carbon monoxide. The lash gas is
partially combusted in reducing gas generator 24-1-H-1, and then mixed with the
tail gas stream. The resulting inlet temperature to the Beavon hydrogenation
reactor 24-1-V-7 is 650°F. The sulfur conversion reactions listed above, as well

as the following “shift" reaction, take place in 24-1-V-7:
CO + Hp0 > CO, + H, . (4-7)

The effluent from 24-1-V-7 is cooled to 400°F through generatior of 115 psig steam.
Further cooling to 120°F takes place by direct contact with water in the bottom
portion of desuperheater/absorber 24-1-T-1. Warm water from the boctom of this
vessel is cooled in the fin-fan exchanger 24-1-E-3. Desuperheater/absorber
24-1-T-1 houses two internal heads, in which the water-containing desuperheating

section and the Stretford packed bed absorbar section are separated.

Stretford solution is pumped from filtrate tank Zq-l-iK-l to the toﬁ of the
packed-bed absorber, where 99.4 percent ar nore of the H,S is reacted ditﬂ sodium
carbonate. Oxidation of the sulfur to the elemental form is facilitated by
sodiun metavanadate. The absorptien and oxidation reactions which occur are as

follows:
Z NayC0y + 2 H,S » 2 NaHCO; + 2 NaHS (4-8)
2 NaHS + 2 NaHCO; + 4 NaVOy + 2 Na,CO; + H,0 + S, + Na,V,0q + 2 NaOH (4-9)

The absorber provides sufficient retention time to allow the reactions to go
essentially to completion. Treated gas, containing much less than 100 ppm total
sulfur and traces of CH, and €O, is then vented to the atmosphere. The sulfur
produced is of high purity, comparable to that produced in the Claus-type sulfur
plant.

The reacted Stretford solutica flows to soaker/oxidizer 24-1-V-1, where the
reduced vanadate (Na,V;0y) is oxidized to its original form by anthragquinone
disulfonic acid (ADA) in the solution. The reduced ADA is subsequently regene~
rated by air sparged into the tank by blower 24-1-BL-1. The air also provides a
medium of flotation for the sulfur which, upon reaching the {op of 24-i-v-1,
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overflows into froth tank 24-1-V-2. The underflow from the soaker/oxidizer is
pumped to filtrate tank 24-1-TK-1, via Stretford solution cooling tower 24-1-CT-1,

where the heat of oxidation is rejected to the atmosphere.

Sulfur from the froth tank is pumped to the primary centrifuge 24-1-ME-1, which
produces a wet sulfur cake that is reslurried in 24-1-V-3 and sent to secondary
centrifuge 24-1-ME-2. The filtrate streams from the centrifuges are combined
with the soaker/oxidizer underflow.

The sulfur from the secondary centrifuge is reslurried in 24-1-V-4 and pumped to
the sulfur separator 24-1-EJ-1, where sulfur is melted with heat supplied by
115 psig steam in coils. Molten sulfur (1936 lb/hr) is separated from the slurry
medium (primarily water) in sulfur separator 24-1-V-5. From 24-1-V-5 it flows by
gravity into one of the two sumps located in Unit 23. The decanted water flows
to flash drum 24-1-V-6 and then back to the secondary reslurry tank. Because
certain side reactions degrade the Stretford solution, a small stream of liquid

is continuously discarded from the system and pumped to effluent water treating
Unit 40.

Equipment Notes

The marriage of the Beavon and Stretford processes is a fairly vucent development,
but it has been demonstrated commercialiy on a much smaller scale than is pro-
posed here. This specific equipment has been operating successfully in many
plants. Most of the plant is constructed of carbon steel. Certain sections of
the Stretford unit are usually coated with coal tar epoxy to prevent corrosion by

deposited sulfur, and the sulfur melter is fabricated of stainless steel.
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ZINC OXIDE TREATMENT

Process Flow Diagram EXTC({ME-B2)-25-1 shows the zinc oxide treatment unit for
Case B2. There are three parallel trains, and each train has two zinc oxide

vessels in series. No spare vessels are provided.

The heated gas from 20-1~E-2 flows through zinc oxide beds 25~1-V-1A&B which

remove nearly all of the remaining sulfur compounds according to the following

reactions:
H,S + Zn0 > ZnS + H,0 (4-10)
COS + Zno = ZnS + CO, , (4-11)

Essentially all of the H,S is removed, and approximately 90 percent of the enter-
ing COS is removed. The effluent gas contains less than 0.5 ppmv sulfur as
regiired by the methanol plant catalyst.

Although the zinc oxide treatment unit is shown with the methanol plant, its cost

is stated separately in the economic tables of the report.

4-35



Page Intentionally Left Blank

-2



h 4

MATERIAL  BRLANCE

PROCESS SIREAM JaAIRER
DFDNENT @
snww.-s FutLGas | Reacror | Memianol |Fiasn Gas
EFFLUENT | proouer

wu mznm _sexd modlviar T wrxzbem sk

@ IR, (150 67— (799 _va
H 7 73 N 7 2N e —— IA  BDS|
[ 798 A8S\02450 F3LIDE M5 B0 |ca0 2309

CHa X0 MR Ae &R\ NT s (— —loc o
i 3 _A8G\IAX7 /79| 3243 me | — —— 112 0243
*_aSWB adlesr ardf— =TS
CHoR_JI— — 4 _d¥/eeie masliZzI e IBlie _€37)
M0 93 497 |28 a/3 /338 A23|3A. acolas__as

" z1. 252t e 253 £ 25t 2568 vy
P Wk Z_ L48 Rl » (Ul CASORAACTR  REACTOR EFEFLUENT MEDUANGL _PRESSests METHANOL FEED/ mmwﬁ Ltaren
COOLER LEIDUN. DS, PROCUCT EXCHANSER
m'm a.ma'r- 28.7 HUITVYHR 18 MM BTy D TAWI COOLER 7 LRODUCT EXCHANSER %
A CAL 930 MSCASITE 22800 FIE SRI0 77 R IJMMBNIHR 8110, x 20N T-T /zdmfalwm
“-"ma"”a:";w;’“ U i M OO R, e N e S
4 : CAREON S, 3 4
> SHeLs: oAty ;ﬁfnﬂm SE iets ; CrRBON STEEL et cunay g e
£ i't " '2 bl e A .
s 7 2_sunp prone L5458 ”}_2511’_'.?; el /L1 ¥
a2 £ ] 58 JinL LA mo‘ri EEAEZEB.&ZLM _Mm._& M PR §;
mm- &S, u{‘d’lrga e};‘g‘fé" ;‘;'?’ mm £+ SJG'F o @mw
K J STH e u-m XA0L0°PT .. 7MM 2T/ S G LATN o 530
SMRU: CARBN STEXL 77/’5‘;3 L VP Wﬁgﬂlﬂf . “(594% B oreet carzy Spet”
Tusts. owemy Sizec s SHELL | CaRBON STEEL
wecuum
CONDENSATE /03 °F
i Y3 ) '
wr -
25-£-5, g_f_-%."'
SIPESS GAS .
R0M 20.6-2 8
lows. exyonet 832041 N
<
<R - T
s « .
M §
N | 2989 18 oy
\ 13043 805 am—
: ~ 7 2510
X { —
/N L » E /
5101488 3 8 o
; R
1 - 228°F
i ‘i 7Y 28
3 J
X It
2N
= — R0
‘ 3 \ .
¥
§ X
=
¥
) anm
2395 5z, - [
S 7]
3 220, Ve
TRy R 25
-4 D 7
WG, evrtises-sy-0-1 HIE A1F ) Jawisic si6:5T
L2~ -
< —

4-37



4

}- ﬁ.f . 'I a-z.i Zi-ﬁ.d 22 E Zi !{. 5 I ad &-z.&
ST REACTOR EERL0ENT S roLrEEn, MEIVGNC|MRatgg spMdilfIDd  METHANOL CONDENDER ; i
LRAKI? TR COQLER LEZRDod . PRODUCT EXCHANGER 6.t aeeansme L 10.3 Maraiu /e RO 1 00-0°T7 i
bfad u‘mlbru/m 84 X 2IO°TT 72 4 MM AT ro5 Frt 8510 (26 IT (25017 KLy~ 110 P3G 9 750°F n
z;v — M'ﬂg oret M‘Z””“g’; Y, i1 3870572 “ﬂt_ﬂ‘f:r%&v ST plmrll:f“l“ v ‘z_l[{s ' CARBON STEEL CALBOV STl s
CARBON o ST IEES' EARADY SEL L)) T CARBON STEEL H
W STIE  SHELL :CARDON STEEL SHEL CARBON STE8; SR a0y v
5 25- -3, el L= TK-I8Lr 25-£-12 i
SELEST NGV ARSI pep AETUAND: PROUKT 2D _STORCE TS ACLUM k.
emsanr I8Mg 0,000 I, facH  »
e IS0 X X071 & 7 Aa A0/ afs'av 1A,
;"v?lﬂ: BESCH NOPIE B AT 7993 532 " ﬁs’r;’ faid o"”/ﬂ‘ L 4
EN  CMAGY STet Tumicd : CHRBON STEEL
SHELL T CARBON STEEL eirdai STEGL
AL Uunr
CONDENSATE 708 °'F T
8
.
2389 70 | - 20 BTIRY LiAWTS
S35 op
25.P-gA¢8
250 G EACH FA5H 643 7D
3 > e HASG.
5/-8-7
WS EXTONE B304
& .
oy
R

/ 100°F

r 25-£-17
&
Nao'F
5
g

=,

2523
Fol 7
Niwave e BEMCMEt 0. g e
ol b, mariaentd Dlamng OnE. =, AGILIORCE Bl siuk
oL LEE PROCESS FLOW DIAGRAM
’ o] _ZINC OXIDE Ef_;myfuz Mmmua; PLANT
OBELMITO 2.,
1runse, " & 25 ]
s | W 443334-:)0:(.4:5 32)-25-/ [ce

225°F

228°F

WA nanintgineosis vt [y

AQTESE
I THrs FLOW DrMSRAN SHOWS ONE TRAIN OF A TOTAL OF THREE |~
PIRALLEL TRAING IN THE ZInkC ORIDE TREAMENT SECTION, -
OME TRAIN OF A TOTRL OF FIVE PARALLEL TRAINS IN THE
METHANOL REACTOR SECTION, AND ONE I00% CAPRCITY -
TRAL N THE EFZLUENT GRS COOLING S METRANGL FIASH SFCTIoNS.Y
2 AL FLOW RATES, DUTIES, AVD EQUIPMENT SPCCIFICATIONS
ARE TYPICAL VALUES ON A TOTAL PLANT .
BASID AT FIRL CAPACITY OPERATION EXCEPT A3 NOTED. .

I




METHANOL PLANT

Process Flow Diagram EXTC(ME-B2)-25-1 also shows the methancl plant for Case B2.
There are five parallel reactors and circulating oil loops, a single train for
reactor effluent gas cooling and product methanol flashing. No spare trains are
provided. '

The methanol plant employs the Chem Systems process for procucing methanol in a
three-phase fluidized bed reactor.

The synthesis gas from the zinc oxide treatment unit is cooled to methanol
reaction temperature in 25-E-4 by heating unconverted reactor product gas, before
flowing to the methanol synthesis reactor 25-1-R-1.

The gas flows upward in the reactor concurrent with an inert hydrocarbon liquid
(0il) c_ontaining fluidized catralyst particles. The liquid limits the temperature
rise as it absorbs the heat liberated by the reaction. Phase separatipn between
solid, liquid and vapor occurs at the top of the reactor. The catalyst remains
in the re&ctor. The hydrocarbon liquid, separated from both catalyst and vapor,
is recirculated by pumps 25-1~P-1A&B through exchanger 25-1-E-7 to the bottom of
the reactor. Cooling of the oil occurs in 25-1~-E-7 by generation of 295 psig

steam.

The reactor effluent gas is cooled in a series of exchangers to condense the crude
methanol and any hydrocarbon "liguid that has vaporized. The hot gas generates
295 psig steam in 25-E-1 and 115 psig steam in 25-g-2. Further cooling is

obtained by heat exchange with product fuel gas in 25-E~3, by exchange with vacuum
condensate in 25-E-12, and ‘then by air fan 25-E-5. Final cooling is done with

cooling water in 25-E-6.

The cooled reactor effluent flows to separator 25-V-3 where the unconverted pro-
duct gas, crude methanol, and hydrocarbon liquid are separated. The product fuel
gas is heated in 25-E-3 and 25-E-4 and then flows to Unit 21 for further heating.
The hydrocarbon liquid is recycled back to the reactor by 25-P-2. The crude
methanol is routed to the product flash section to reduce the vapor pressure for
storage by releasing dissolved gases.

In the product flash section (not a Chem Systems design), the high-pressure

methanol is flashed at low-pressure in flash drum 25-V-4. The flash gas is
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routed to the heat recovery steam generator (HRSG)‘in Unit 51 where it is burned.
The low-pressure crude methanol is heated by exchange with product methanol in
25-E-8 and is further heated with 50 psig steam in 25~E-9.

The hot cruds methanol is then flashed in flash drum 25-V-5. The flash gas is
cooled with cooling water in 25-E-10 and then flows to knockout drum 25-V-6. The
overhead gas from 25~V-6 is routed to the HRSG where it is burned. Methanol
recovered in 25-V-6 is rich in dissolved gases and is recycled, joining the low~
pressure crude methanol before 25-E-8.

The hot product methanol from flash drum 25-V-5 is cooled in 25~E-8 and further
cooled by cooling water in 25-E-~11. The cooled product methanol is stored in
three 40,000 bbl floating roof tanks 25-TK-1A,B&C. Transfer pumps 25-P-4A&B are
provided to transfer th_e methanol product to battery limits.

Equipment Notes

The Chem Systems liquid phase methanol process is in the early stages of develop-
ment. Early work with a bench scale unit has demonstrated the feasibility of the
process using a commercial catalyst. A process development unit has been con-
structed and operated for short periods of time. Chem Systems is presently work-
ing on solving catalyst deactivation and attrition problems. Use of catalyst

powder, instead of tablets directly in a catalyst liquid system, is being pursued.

The majority of the equipment in this section is carbon steel and, with the
exception of the reactor and its phase separation system, has been used in

similar service for many years.
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STERM, BOILER FEEDWATER, AND CONDENSATE

Process Flow Diagram EXTC(ME-B2)-30-1 schematically represents the steam, boiler
feedwater (BFW), and condensate systems for Case B2.

The process plant steam generation is integrated with the combined-cycle system.

The steam system operates at six luvels:

° High-Pressure (HP) 1450 psig, 900°F at the S51-T-1A
turbine inlet

] Intermediate Pressure (IP) 445 psig, 900°F at the 51-T-1B
turbine inlet

* Medium-Pressure (MP) 295 psig at gas turbine combustor
inlet

[-] Medium-Pressure (MP) 115 psig

® Low-Pressure (LP) 50 psig

. Very Low-Pressure (VLP) 15 psig for consumption in deaerator

High-pressure (HP) steam generation is carried out in the gas cooling unit
20-1-E-1 with additional generation and superheating in the heat recovery steam
generator (HRSG) 51-1-B-1 of gas turbine 50-1-GT-1. There are five gas turbines
and each has two attendant HRSGs. The saturated HP steam from 20-1-E-1 combines
with saturated HP steam from the HRSG HP evaporator 51-1-B-1:E-3. The combined
stream is superheated to 900°F in 51-1-B-1:E-1 and used‘to drive the single
back-pressure-type turbine 51-~T-1A. The HP end of turbine 51-T-1A, <« machine of
82.1 percent isentropic efficiency, takes steam at 1456 psig. 900°F and exhausts
at 445 psig.

Saturated intermediate pressure (IP) steam at 445 psig is obtained from the
IP steam generators located in the sulfur plant, and from the gas turbine air
cooler 50-1-E-1. The saturated IP steam, together with the exhaust steam from
51-T-1A is superheated to 900°F in the HRSG reheater 51-1-B-1:E-2. The super-
heated IP steam at 385 psig, 950°F is then used in the IP end of 51-T-18, a
machine of 85.7 percent isentropic.efficiency. The low-pressure end of 51-T-1B

exhausts steam at 85.9 psig.

Medium-pressure saturated steam at 295 psig is generated in the methanol plant
and is combined with the fuel gas prior to entering the combustor of gas turbine
50-1-GT~-1.
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Steam for the 115 psig header is obtained from steam generators in gas cooling
unit 20-1-E-3, from the sulfur plant, and from the tail gas treating unit. A
portion of the 115 psig steam is supplied to the sulfur heater and the a&id gas
removal unit reboiler. The remainder is combined with 51-T-1B exhaust at

93.8 psig for consumption in MP turbine 51-T-2 and in BFW pump turbine 51-T-4.
The MP turbine and the BFW pump driver are condensing turbines exhausting at
2-1/2 inches Hg absolute. 51-T-2 has an isentropic efficiency of 87.4 percent.

The 50 psig steam header is supplied by steam generated in gas cooling unit
21-1-E-1. The 50 psig steam is primarily used in condensing turbine-generator
51-T-3 for making additional electric power while small amounts are used for

steam tracing, process water treating, methanol flashing, the sulfur pit, and
deaerator.

15 psig steam is supplied by steam generation in HRSG coil 51~1=-B-1:E-1C. This

very low-pressure steam is used entirely in deaerator 51~DA-1.

Raw water is treated in an automatic ion exchange demineralizer 30-ME-1, con-
sisting of three strong-acid cation columns, one degasifier (with 10-minute holdup
vessel) and three strong-base anion columns. Two of the three cation and anion
columns can handle the design flow of raw water either for the two-hour period
required for resin regeneration or for the longer time period required for resin
changeout. Treated water, suitable for generation of 1500 psig steam is stored
in a tank 30-TK~-2, which has a 24-hour capacity. Demineralized water is pumped
to condensate surge tank 30-TK-3 (30-minute holdup), where it combines with the

vacuum condensate from condensers 51-E-11, 51-E-12, and 51-E-14..

The turbine surface condensers 51-E-11, 51-E-12, and 51-E-14 are single=-shell
single-pass units with divided water boxes. The tubes are 90/10 copper/nickel,
7/8 inch OD, 22 BWG wall thickness. The noncondensable gas removal and priming
equipment includes positive displacement rotary vacuum pumps and a recirculating
ball-type condenser tube cleaning system. Motor-driven condensate pumps transport
the condensate to condensate storage tank 30-TK-3, which is sized for 30-minute

capacity at design flow rate.
Condensate polishing unit 30-ME-2 affords further protection to the steam genera-

tion units by treating the combined stream of demineralized water and condensate
with strong acid and base in four vessels.
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The wvacuum condensate from polishing unit 30-ME-2 flows to the deaerator after
heat recovery from the gasifier effluent im 21-1-E-4, from air compressor inter-
coolers 11~1-E-~1 and from 25-E-12. The hot condensate from the 115 psig and
50 psig steam users also flows to the deaerator. The deaerator providing

10 minute storage is a horizontal tray-type unit operating at 15 psig.
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COMBUSTION GAS TURBINE

Process Flow Diagram EXTC(ME-B2)-50-1 shows one of the five parallel combustion

gas turbines for Case B2. No spare turbine is provided.

295 psig saturated steam generated in the process plant is added to the uncon-
ve;ted residual gas from the methanol plant after expansion in fuel gas expander
51-1-EX-1. The combined stream flows to the gas turbine combustor at 245 psig
where it is burned with excess air supplied by air compressor 50-1-C-1. Effluent
gases exit the combustor at 2000°F and flow to the combustion gas turbine
50~1-GT-1. A small fraction of compressed air is cooled by IP steam generation

in 50~1-g-1 before being injected into the turbine to cool the rotors.

The combustion gases are expanded in the combustion gas turbine, producing

519.2 MW net power in generator 50-1-G-1. The effluent gases at 982°F flow to
the heat recovery steam generator (HRSG) in Unit 51. The turbine drives the air
compressor and electric generator 50-1~G~1. Detailed performance information on

the combustion gas turbine is presented in Appendix A.

Equipment Notes

The combustion gas turbine with a combustor cutlet temperature of 2000°F is
commercially available at the present time. The hot parts of the machine will be

fitted with thermal barrier coatings.

.8



Page Intentionally Left Blank

%3



Y

1551721 LBY/HR

N1 hed i 50-1-&-/ 50-1-G7-1 .
AR COMPRESSOR AR CONER
" A5 Mar OISR GA'S' ’_‘”RBW"—E
. H
TEAN 10 FRSG 2517 N '
LR L == G
e - bl
’ 3
/
¥
3
b
L: 50-r-&-/
STEAM FROM y X
~EifI5ET 292 RIg @20r  a—" i
ﬂmc{uw. 232500 LB3/R N/
BLADE AND Z‘ﬁ
CRQUING AIR
IELCE FRow 272F  245P4 e | | zmoer __IAILAIZ! Legup.
AR ;| 1213221 LB3/HR AR I
g8
g Psi2y J
r 13512400 LBfHR, 4
|~
=~ r
k —z | 4\____1"
50-1-C7 01674 59
.
24 245 Po1c .

4-49



\ 4

Se-1-C~-1

50-1-8=t

50~1-6T-1 50~
AR COMPRESSOR AIR COOLER GAS TURBINE ERATOR
ST MM Bri/HR _——— 312420 Ku'(NET)
g 3G | wasese ke e
g ST 2 &b
k4
3
3
3
o
M Bo-rE£
,{ \ 450°F
7 » -—
ataoe ANO mt!/
COOLING AIR —*
———
010 | 2000°F 13362l 103/ R 302 ”’;ﬁfen:“”
.‘gEF L Qs
" lelz'
LARI2400 LB/ K 1 Y
X e
L 4k =L_—0
59+1-C =) 50-2-67-/ SQ-1-5-1
NOTE:
E ol 245 #313 1) TS FOW DUGRAM SHOWS ONE TAL #F Fial

S5178) LBI/AR 2) AL FLOW RUTES, DOTES MO SOUNENT SHOIRITAIS 4
EXPECIED VELUES 8w A TOTAL PANT BASIS 25 5utt

CAPACITY OPERATION EXCERT A5 NOTED,

Fay AR BEcasTIe S e
Wwl. ne. ALFEARECA pRhimns . N, WEPEAPUEY BRAMAS
SV TLEE PROCESS_FLON DIAGRAI
COMBUSTION GAS ZRBINE
! Frie7 imemle CADE B2-MaxIHUM METHANGL CO-FRODUCTION
.

SPRE & ILO ALY CALIFORILA
5 e v =3

NONE |48 3B4-EXTO(ME-BAE0-1 | 03,
x




HEAT RECOVERY STEAM GENERATOR AND STEAM TURBINES

Process Flow Diagram EXTC-(ME-B2)-51-1 shows the heat recovery steam generators
(HRSG) 51-1-B-1 and the steam turbines for Case B2. There are ten operating

HRSG units, one primary steam turbine 51-T-1a, 1B and 2, and one secondary steam
turbine S51-T-3. The primary and secondary steam turbines drive generators for
production of electric power. Steam turbine 51-T-4 is used to drive the high-
pressure boiler feedwater pump. Additional electric power is generated by the
expansion of high-pressure fuel gas in five fuel gas éxpanders. No spare tur-

bines or HR5Gs are provided.

Two HRSGs 2re coupled with each gas turbine to recover heat from the turbine
exhaust gas, which leaves the turbines at 982°F. Flash gas from the methanol

unit and & part of Selexol flash gas are burned in the HRSG duct burner. The

combustion products are combined with turbine exhaust gas to give a flue gas at
986°F. Radiation heat losses occur throughout the HRSG and are to be rea;ized
immediately following the duct burner, whereby the HRSG f£lue gas inlet temperature
is 979°Fl The HRSG performs superheating, high-pressure (HP), medium-pressure
(MP), and very low~-pressure (VLP) steam generation, and boiler feedwater heating.
The arrangement of the heat recovery sections of the HRSG in the direction of

flue gas flow is as foilows:

Superheater
HP Evaporator
Econamizer 1A
Economizer 2
Econcmizer 1B
MP Evaporator
Economizer 3
Economizer 4

51-1-B-1:E-1
51-1-B-1:E-3
51-1-B-1:E-4
51-1-B-1:E-5
51-1-B-1:E-6
51-1-B-1:E-7
51-1-B~1:E-8
51-1-B-1:E-9

and Reheater 51-1-B-1:E-2

VLP Evaporator 51-2-B-1:E-10

Saturated HP steam from 20-1-E-1 and saturated HP steam from the HP evaporator is
superheated to 900°F in the HRSG superheater 51-1-B-1:E-1. The HRSG superheater
outlet supplies the HP feed of back-pressure steam turbine 51-T-1A. Expanded
steam from 51-T-1A combines with process generated saturated IP steam and is
reheated to 900°F in 51-i-B-1:E-2.
pressure turbine 51-T-1B.

with the IP turbine exhaust to drive both the MP power turbine 51-T-2 and the

This steam supplies the feed to IP back-

Saturated MP steam generated in process areas combines

4-51



HP BFW pump turbine 51-T-4. These are condensing turbines exhausting at
2=1/2 inches Hg absolute.

HP BFW from the deaerator 51-DA-1 is pumped through high-pressure boiler feedwater
pump 51-2-1; preheated to 347°F in economizer 4; heated to 410°F in economizer 1B;
and further heated to saturation temperature 598°F in economizer 1A. Both HP

steam generator 51-1-B-1:E-3 and the gasifier HP steam generator are supplied by
this 598°F boiler feedwater. The operating HP BFW pump' is driven by steam turbine

51-I-4 and the spare is motor driven.

Both IP BFW and MP BFW needs are met by boiler feedwater pump 51-P-2. A portion
of the pump discharge stream supplies IP steam generators in the process areas.
The balance is "let down" to supply MP process area steam generators MP BFW heat-
ing to 347°F in economizer 3, while heating to 420°F is done in economizer 2.
The HP methanol plant residual gas heated to 606°F in 25-E~4, is expanded to
245 psig in fuel gas expander 51-1-EX-1 generating electric power. The expanded
gas at 372°F is routed to gas turbine 51-1-GT-1.

LP BF¥ is supplied to process area LP steam generators by 51-P-3. LP steam
supplies process heating, deaerator heating and LP steam turbine 51-T-3.

The secondary steam turbine 51-T-3 uses excess saturated LP steam from the pro-
cess plant to generate a small quantity of additional electric power. This tur-

bine is a condensing type with exhaust conditions of 2-1/2 inches Hg absolute.

Rdditional deaerating steam is supplied to 51-DA-1 by VLP evaporater 51-1-B-1:E-10,
which is fed by VLP BFW circulation pump 51-1-P-4&.

The HP and MP evaporator are supplied with steam drums 5i-1-V-1 and 51-1-V-2,
respectively, and BFW circulation pumps 51-1-P-6 and 51-1-P~5. BFW is pumped

through the evaporator at feed to steam mass ratio of 6:1.

The HRSG "pinch-point! temperature used in designing the evaporation and econo-

miz_ing coils has been set at 4G°F, in an 'effort to optimize the trade~off between
initial cost and plant efficiency. The stack gas outlet temperature is 290°F,

allowing the gas side surface of VLP evaporator 51-1-B-1:E-10 to operate a safe

margin above the dew point of the S0,-bearing stack gas.
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Section 5

PROCESS DISCUSSION

Two grass roots plants (one power generation base case and one methannl/electric
power coproduction case) based on oxygen~-blown Texaco gasifiers intugrated with
current state-of-the-art combined-cycle generating equipment are shown schemati-
cally on Block Flow Diagrams EXTC(ME-A2)~1-1 and EXTC{ME-B2)-1-1. These plants
consume 10,000 short tons per day of Illinois No. 6 coal, fed to the gasifiers in
a water slurry containing 66.5 weight percent solids. Case A2 generates electric
power only and provides the base cost for producing electric power, which is used

as a credit in methanol/electric power coproduction Case B2.

Since each case uses the same coal and oxidant feed rate, the coal receiving and
conveying, coal grinding and slurrying, oxidant feed, and coal gasification
units are the same for both cases. The major differences in the processing
schemes occur in the acid gas removal units, the heat recovery steam generators

(HRSGs), and in the methanol synthesis.

PERFORMANCE COMPARISONS
A .
Table 5~1 provides overall system performance comparisons for the conventional

GCC design (Case A2) and the plant coproducing methanol and electric power
"{Case B2). BAs each of these plants was designed to process 10,000 tons/day of
coal, comparisons are difficuit to méke as-the two plants have different electric
power production capacities. Therefcr-e, in order to understand system differ~
ences, the Case B2 design (methanol coproduction case) was scaled linearly to
produce the same net power as the Case A2 design. The scaled results for Case B2

are shown in the third column of Table 5-1.

.The Case A2 results indicate that 1,106.52 MW would require a coal feed rate of
798,333 lbs/hr (MF) of coal. The scaled Case B2 results demonstrate that an
additional coal feed rate of 291,791 lbs/hr (MF) would result in the producticn
of 3,118 tons/day of methanol (or 10,520 FOE barrels/day of methanol) if the

“once-through" concept used in this study is employed.



Comparing the power generations and consumptions for the scaled Case B2 {methanol
coproduction) with the Case A2 (conventional GCC) system surfaces some interesting
characteristics te be associated with Ehe inclusion of a "once through methanol
plant in a GCC system. First, it can be seen that the gas turbines produce
16.7 MW more power in the coproduction design, even though the fuel gas for this
case has a lower heating value than that in the GCC case. The two fundamental
reasons for this slightly increased gas turbine power output can be explained with
reference to the following table: '

Hethanol Coproduction
Conventional Texaco Case (Same Design

Based GCC Power Plant as Case B2), Scaled

with No Metharol to Produce Same Quantity
Production ) of Electricity as Case A2

Case Designation a2 B2 Scaled Up

HHV of fuel to turbine, BTU/SCF 289.8 284.0

LHV of fuel tc turbine, BTU/SCF 271.6 270.5

Fuel chemical heat to turbine

(HHV basis), 10% BTU/hr 7,864.3 7.636.6

Fuel chemical heat to turbine

(LHV basis), 10%° BTU/hr 7,368.9 7,273.8

Fuel CO:H, ratio, moles/mole 1.468 ' 2.427

Steam injection rate, lbs/hr 0 ) 454,029

Percentage of turbine gross work 56.6 54.0

required to power the air

compressors

This table shows that although the fuel chemical heat flowing to the gas turbine
on an HHV basis has been depleted by 3 percent due to the methanol synthesis, the
chemical heats on a LHV basis are almost identical. This is due to the fact that
more of the hydrogen in the raw fuel gas than carbon monoxide has been removed
during the methancl synthesis' step. Therefore, the resulting fuel gas after
methanol synthesis is richer in carbon monoxide and is therefore a "better" fuel
for power generation. Also, the coproduction Case {B2) employs steam injection

whereas A2 does not. This steam replaces a small part of the turbine's cooling

5-2



air requirement, thereby reducing the power required by the air compressors from
almost 57 percent of the gross turbine output to 54 percent of gross turbine
work. This reduction in air compressor power requirement in the coproduction

case increases the electricity available at the generator terminals.

Second, Table 5-1 indicates that the steam turbine power generated in the scaled-
up coproduction Case (B2) is 53.78 MW greater than the equivalent steam turbine
power in the GCC Case (A2). This increase is primarily due to the additional
steam raised by cooling the extra high temperature raw gas produced from the
incremental 291,791 lbs/hf (MF) of coal being gasified. The incremental high
pressure steam generation in the coproduction case amounts to 639,654 lbs/hr.

Finally, Table 5-1 shows that the scaled coproduction case consumes an extra
70.48 MW to satisfy internal power requirements over the power required by the
GCC plant. The 70.48 MW is dominated by the additional power requirement of the
oxidant production and feed system (52.88 MW). It is of interest to note that a
requirement of 70.48 MW to produce 3,118 tons/day of methanol is equivalen; to
the consumption of 542.5 kWh/ton. A dedicated coal-to-methancl plant réquires
between 700 kWh/ton and 900 kWh/ton to satisfy internal power requirements.

GASIFIER MATERIAL BALANCE

A gasifier material balance for full capacity operation is given in Table 5-2.

The coal quantity and composition, and oxidant composition were selected by EPRI.
The yields are typical of a Texaco single-stage entrained oxygen-blown gasifier
operating at 600 psig. (1) As noted in another EPRI report (2), pressure
has little effect on gasifier yields. Therefore, the yields at 600 psig were
deemed to be acceptable for use with the 1,000 psig gasifier used in this study.

The coal feed is 10,000 tons per day of Illinois No. 6, fed in a 66.5 weight per-
cent slurry. For this particular coal, slurry concentrations in excess of 60 per-
cent solids have been achieved. The first plants built will probably employ lower
slu{ry concentrations. It is important to bear in mind, however, that slurrying
chafacteristics of coals vary greatly and that it is not valid to extrapolate

performance estimates presented in this report to other coals possessing dif-

ferent slurrying characteristics. '
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Some nitrogen from the coal is converted to ammonia, but the extent of conversion
cannot be predicted with precision at this time. This study has assumed that
25 percent of coal nitrogen forms ammonia. Downstream of the gasifier, ammonia
has been assumed to be rapidly complexed as ammonium salts in the process conden-
sate streams. These ammonia-bearing waters, with the exception of a blowdown
stream, are eventtally recycled to the gasifiers via the coal slurry. At gasifi-
cation temperature, the gasifiers are assumed capable of destroying recycle
ammonia. The presence of ammonia in the process condensate has the potentially
beneficial effect of neutralizing dissolved carbon dioxide.

PROCESS ENERGY BALANCES

Tables 5-3 and 5-4 contain the overall process enerqy balances at 100 percent
capacity operation for the two cases. The boundary for each balance encompasses
the entire plant, exclusive of the cooling tower but including the power demand
of the pumps and fans. Energy contents of ' streams crossing the boundary are
expressed as the sum of the streams'’s higher heating value (HHV), sensible heat
above B0°F, and the latent heat of water at 60°F. Electric powe; is converted to
equivalent heat energy at 3413 Btu/kWh. All of the energy balances close within
one-quarter of one percent. Discrepancies result from approximations applied in

calculating enthalpies for some process streams.

Energy balance comparisons are presented in Table 5-5 and these are derived from
the two previous tables. Coal charged at 10,000 ton/day is equivalent to
10,201 x 10% Btufhr HHV. The significant difference between the two cases lie in

the power production, methanol product, and steam turbine condenser categories.

POWER CONSUMPTION SUMMARY

Table 5-6 presents power consumption for the major plant sections under conditions
of normal operation at 100 percent capacity factor.

In Unit 10, the coal pulverizing equipment (10-ME~4) requires most of the power.
Since the power for pulverization is very sensitive to both the equipment used and

the coal properties, the power for coal handling is preliminary pending grinding
tests.

Unit 11 power requirements are due to the air and oxygen compressor drivers
(11-C~1-M and 11-C-2-M) which are synchronous, and Type II induction notors,
respectively. all intercoolers are water-caooled and the power cf th= cooling

tower pumps is included elsewhere.
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The recycle gas compressors (20-C-1; one per train) requires about 80 percent of
the power used in Unit 20. One recvcle gas compressor is employed for each train
in this report. Miscellaneous pumps use most of the remaining power for Units 20
and 21.

In Unit 22, the Selexol fluorocarbon refrigeration units (22-ME-1) and lean
solvent pumps (22-P-1) ccnsume the most power. However, the hydraulic turbines
(22-HT-1) recover approximately 40 percsnt of the power required by the lean

solvent pumps.

In the sulfur recovery unit, the Claus plant air blowers (23-BL-1), the Stretford
plant air blowers (24-BL-1), and the Stretford solution circulation pumps are the

large power consumers.

In Unit 25, the recycle oil pumps consume the most power.

The major power consumer in Unit 30 is the condensate transfer pump (30-P-4).

In the General Facilities section, the cooling water circulation pumps and the
cooling tower fans required the most power. The entire cooling water system is
responsible for approximately 90 percent of the total power demand of the general

facilities (Units 32 through 45).

Pumps consume the bulk of the power supplied to Units 50/51 with the HP BFW cir-

culation pumps (51~P-1) being the largest consumers,
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Section 6

CAPITAL AND OPERATING COST ESTIMATES

PLANT FACILITIES INVESTMENT

Plant investment (in $1000; mid-1978) for all sections of the plant for both
cases, plus a reference case from an earlier EPRI report, are presented in Table
6-1. Tables 6-2 and 6-3 give the bre.akdown of plant facilities investment for v
the major units of each case. The estimates in Table 6-1 through 6-3 contain
allowances for both project and process contingencies. The project contingency
allowance is intended to cover additional equipment that would result from a more
detailed design of a definitive project at an actual site. 2An allowance of 15
percent of the sum of Process Plant Investment and the General Facilities Cost
has been useg for both cases. The process contingency allowance, applied sepa-
rately to each major plant section, is an attempt to account for unproven tech-
nology in an effort to quantify the uncertainty in the design, performance and
cost of the commercial scale eguipment. . The process contingency allowances used
for each major subsection of both plant designs are shown in Table 6-4. These

allowances were supplied by EPRI.
The absolute accuracy of the plant investment estimates is judged to be %25 per-
cent. The accuracy of comparison between cases should be much more accurate,

perhaps S percent, since the same inaccuracies are likely to occur in each case.

COMPARISON OF CASES A2 AND EXTC-79 (TEXACO GCC PLANT DESIGNS)

The Case A2 design is comparable to the design of the reference case, EXTC-79(1),
with the exception of the gasifier pressure and the gas cooler configuration.
Operation of the gasifier in Case A2 at 1000 psig requires higher discharge pres-
sure for both coal slurry pumps and the oxidant feed compressor relative to the

reference case with a gasifier operating pressure of 600 psig.

(1) Published in EPRI Report No. AP-1624, November, 1880.



Table 6-1

SUMMARY OF PLANT FACILITIES INVESTMENT ESTIMATES IN $1000%
METHANCL COPRODUCTION OXYGEN-BLOWN TEXACO-BASED GCC PLANTS

Methanol Coproduction None Yes None

Raw Gas Cooling Saturated Saturated Saturated
Steam Steam Steam

Case Designation A2 B2 EXTC-79%*

PLANT FACILITIES INVESTMENT

Coal Handling 37,556 37,556 33,213
Oxidant Feed 176,354 176,354 176,404
Gasification and Ash Handling 32,561 32,561 18,420
Gas Cooling 91,292 82,157
Particulate Removal 9,454 9,454 104,198
COS Hydrolysis - 3,812 -
Acid Gas Removal 15,262 18,052 13,721
Sulfur Recovery 6,231 7.876 5,741
Tail Gas Treating 9,635 12,169 10,369
Zn0 Treating - 9,358 -
HMethanol Synthesis - 37,364 -
Fuel Storage 5,217 - -
Steam, Condensate, BFW 4,644 6,502 4,947
Fuel Gas Expansion 19,946 14,263 -
Combined Cycle 377,872 285,022 353,730
General Facilities 69,132 65,810 71,708
Initial catalyst and Chemicals 3,854 8,343 4,042
Subtotal 859,010 806,653 796,493

*Including process and project contingencies plus Illinois sales tax (Mid-1978
dollars) i

**EPRI Report AP-1624 for a Texaco gasification combined-cycle plant with the
following features:

® 2000°F gas turbine
® Saturated HP steam generation in the gas cooling section
® 1450 psig/900°F/90C°F steam cycle in these turbine casings

e Gasifier operating at 600 psig
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Table 6-4

PROCESS CONTINGENCIES

Process
Contingency
Percent
Unit ] (Both Cases)
Coal Handling, Preparation and Feeding 7 0
Oxidant Feed ‘ 0
Gasification 15.
Ash Handling 5
Gas Cooling and Particulate Removal 0-20%
COS Hydrolysis . o
Acid Gas Removal . ' 0
Sulfur Recovery (Claus) .0
Tail Gas Treating 0
Z2n0 Treating 0
Methanol Synthesis ' 35
Steam, Condensate, BFW . 0
Fuel G;s Expansion . . . 0
Support Facilities ' )
Combined Cycle a .

* 20 percent was applied to the high-temperature heat recovery equipment

generating saturated steam in the raw gas-cooling section in Cases A2 and B2;

0 percent was applied to remaining low-temperature gas coolina eguipment
in both cases.



With the same total mass gas flow in Cases A2 and EXTC~-79, the higher pressure
operation in Case A2 requires fewer gasifiers of the same nominal dimensions.
The refractory cost is independent of pressure. The metal cost for a single

gasifier is proportional to pressure.

The cost of the high temperature gas cooling unit, including particulate removal
in Case A2, is very similar to that in Case EXTC-79. .The ﬁP steam generator is
the most expensive item in the gas cooling unit. Higher mass velocity due to
higher pressure 'and higher allowable pressure drop in the HP steam generator
enhances heat transfer in Case A2.

DISCUSSION OF METHANOL COPRODUCTION (B2)

Coal handling, oxidant feed, gasification and ash handling, and particulate
removal are the same for both cases (A2 and B2). Salient features of these

common units and other dissimilar units are- discussed below by process unit.

Oxidant Feed

A cost comparison between a centrifugal compressor and a centrifugal-reciprocat-

ing compressor system for oxidant compression is shown below ($1000):

Centrifugal-
Centrifugal Reciprocating
Compressors, Motor Drivers,
and Interceclers ($1000) 10,920 11,340

As can be seen, the magnitude of the difference in the costs is too small bet-

ween the two systems to claim any distinct cost advantage.

Gas_Cooling

In Case B2, synthesis gas feed to the methanol plant is heated to 6556°F against
gasifier effluent. The high hydrogen partial pressure and the high temperature
mandate the use of alloy shell and tubes. On the other hand, in Case A2, fuel
gas to the gas turbine is heated in Unit 51 against HP BFW. The difference in

gas cooling costs between Cases A2 and B2 is attributed mainly to the differences




in the approach temperatures used in the HP steam generator. It appears that
significant capital cost reduction can be realized by optimizing temperature

approaches in this exchanger.

Acid Gas Removal

Synthesis gas feed to the 2Zn0 treating unit in the methanol plant contains no
more than 5 ppmv sulfur. The Selexol plant processing this synthesis gas, as in
Case B2, costs significantly more than a Selexol plant processing fuel gas to

remove 90 percent sulfur as in Case A2.

€0S Hydrolysis

Inclusion of COS hydrolysis in cases where a high degree of sulfur removal is
reguired appears to have a significant advantage in initial investment. The

addition of €OS hyivolysis, in Case B2, makes both the acid gas removal and the
sulfur recovery units less costly than the case ir which a Selexol plant alone

is used to remove the H,S and the CO0S.

The following table presents a comparison of the costs of the COS hydrolysis unit,
acid gas removal unit and the sulfur recovery unit in Case B2, against the acid
gas removal unit and the sulfur recevery unit that would have been required in

the absence of C0S hydrolysis.

PLANT FACILITIES INVESTMENT ESTIMATES IN $1000

Case B2 Without - Case B2 With
CO5 Hydreolysis COS Hydrolysis
COS Hydrolysis Unit, Including
the Feed Heater - 5,854
Acid Gas Removal Unit 26,610 18,052
26,610 23,906
Sulfur Recovery Units 27,641 21,633
54,251 45,539

Sulfur Recovery Units

The cost trends between these units follow the cost trends in the acid gas remo-

val units for both cases.



Zno0 Treating

The cost of this unit is proportional to the amount of synthesis gas feed to the
methanol plant.

TOTAL CAPITAL REQUIREMENT

The Total Capital Requirement for each case is defined as the sum of plant

facilities investment, prepaid royalties, organization and start up costs, work-
ing capital, allowance for funds during construction and land costs. The plant
facilities investment estimates for both cases studied (a2 and B2) have already
been detailed in Table 6-2 and 6~3 (in mid-1978 dollars). The bases for estimat-

ing allowances for all of the other capital charges zpecified above are shown in
Table 6-5,

The Total Capital Requirements as defined above for both the AZ and the B2
designs; as well as for the scaled-up B2 design, are shoun in Table &-6, expres-
sed in both mid-1978 dollars and mid-1980 dollars. The actual cost estimates
were prepared in mid-1978 dollars. Mid-1980 dollar plant cost estimates were °
determined by increasing the mid-1978 dollar estimates by 27 percent (the 27
percent represents escalation in installed costs for similar types of equipment

in the two year period, mid-1978 to mid-1980).

The constant dollar mid-1980 allowances for funds during construction (AFDC)

were calculated as follows (See Table C-1, Appendix C for details):

. Assuming construction to commence in January 1986 and end in
December 1989 (4 year period), and assuming annual construction
expenditures to be 15%, 25%, 35%, and 25% of the total funds
required for the 4 years respectively, the actual current dollar
capital outlays for each of the four years were calculated assum-
ing an annual inflation rate of 10 percent.

[ Interest charges on the current dollar capital outlays for each
of the four years were calculated to December 1989 based on an
interest rate of 12.25 percent per annum (i.e., utility company
ownership of both plants analyzed has been assumed).

e  The total current dollar investment from Table C-1 (whick includes
escalated amounts for piepaid royalties, organization and start up
costs, working capital, land and the AFDC charges) was de-esca~-
lated from December 1989 to July 1980 at the general inflation
rate of 10 percent/year to generate the constant dollar, mid-1980
. Total Capital Requirement shown in Table 6-6.

° The mid-1980 AFDC allowance was then determined by subtracting

the estimated constant dollar mid-1980 estimates for all other
capital requirements from the Total Capital Requirement.
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Table 6-5

BASES FOR ESTIMATING CAPITAL CHARGES

Item
Prepaid Royalties

Organization and Start-.
Up Costs

Working Capital

Allowance fu. Funds During
Construction (A.°DC)

Land

Basis
0.5 percent of the Plant Facilities Investment.

The organization and start up costs are intended
to cover operator training, egquipment check-out,
major changes in plant equipment, extra mainte-
nance, and inefficient use of coal and other
materials during plant start up.

An allowance of 3 percent of the plant facilities
investment should be made to covel organization
and start up costs.

Working capital is the sum of the following:

] Cost of a one-month supply of coal at
full capacity operation.

° Three months of labor costs.

[ One month of all other operating costs
(excluding coal) at full capacity opera-
tion.

° A contingency of 25 percent of the total
of the above three items.

For a regulated utility company, the interest rate
on debt (assumed to be 12.25 percent/annum for this
study) is used to compute AFDC. For nonregulated
companies, return on equity (assumed to be 20.00
percent/annum for this study) is used to calculate
AFDC.

Land costs have been estimated at $5,000/acre in
mid-1980 dollars.
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It is interesting to note that this procedure provides a rather low estimate for
the constant dollar AFDC alleowance, i.e., 3.8 percent of the plant facilities in-
vestment. If the current dollar AFDC charges in Table C-1 are examined, it can
be seen that they represent approximately 22.8 percent of the escalated plant

facilities investment.

The reason for this apparent discrepancy is the following: As construction costs
are paid, they are no longer subject to inflation.: However, all construction

costs are de-escalated from December 1989 to mid-1980; thereby creating the illu-
sion that inflation is tending to reduce the constant mid-1980 plant facilities

investment, i.e., Table 6~6 shows that for Case A2, the constant dollar mid-1980
plant facilities investment is $1,090.943 x 106.

However, if the escalated December 1985 investment of $2,282.879 x 10°% is de-
escalated at 10 percent/year for 9-1/2 years, an apparent mid-1980 investment of
$923.108 results. This would appear to indicate that inflation is helping to
reduce the constant dollar plant facilities investment. Lenders understand this
problem and therefore index interest rates to inflation to handle this problem
and offset the constant dollar principal loss. Therefore, the bulk of the current
dollar AFDC charges is being employed to offset principal loss due to inflation.
The AFDC allowance shown in Table 6-6, therefore, represents the "real" or "in-
flation free" interest required by the loan institution which, for this study,

has been set at 2.045 percent/year.

OPERATING AND MAINTENANCE COSTS

Operating and maintenance costs have been divided into two categories: Fixed
Operating Costs (including operating labor, maintenance labor and materials, and
administrative and support labor) and Variable Operating Costs (including raw
water, catalyst and chemicals and ash disposal). The bases for calculating both
fixed and variable 0&M charues are delineated in Tables 6-7 and 6-8. A summary
of both mid-1978 and mid-19B0 operating costs for the dedicated GCC plant (Case
A2), the "once-through" methanol plant (Case B2) and the scaled-up “once-through'
methanol plant (producing the same quantity of electricity as Case A2) is shown

in Table 6~9.
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Table 6-7

BASES FOR CALCULATING OPERATING AND MAINTENANCE COSTS

Item

Fixed Operating Costs

Operating Labor

Maintenance Costs

Overhead Charges

Variable Operating Costs

Basis

The fixed costs are essentially independent of the
plant capacity factor and are composed of the
following charges:

[ 3 Operating Labor
. Haintenance costs
. Overhead charges

These items are discussed below:

The operating labor charge is computed using an
average labor rate of $20.00/person hour (mid-
1980$). This labor rate .includes a 35 percent
payroll burden.

annual maintenance costs are estimated as a per-
centage of the plant facilities investment (PFI),
estimated on a section by sectiop kulis. ihe per-
centage of PFI to be used for eacn plant section is
shown in Table 6-8. .

The maintenance costs are divided into maintenance
labor and maintenance materials. A maintenance
labor/materials ratio of 40/60 is used.

The only overhead charge to be included in the
fixad costs for regulated utility producers is a
charge for administrative and support labor. This
overhead charge is 30 percent of the sum of the
operating and maintenance labor.

The variable operating costs are dependent upon
the plant capacity factor and are composed of the
following charges:

[ ] Raw water

. Catalysts and chemicals and other con-
sumables

] Ash and other waste disposal

These items are discussed below:



Table 6-7

BASES FOR CALCULATING OPERATING AND MAINTENANCE COSTS

Item

Raw Water

Catalysts and Chemicals

and Other Consumables

Ash and Other Waste
Disposal

(Continued)

Basis

The first-year raw water acquisition cost is 50¢/
1000 gallons (mid-1980$). Treating costs and
pumping costs are included in the operating and
maintenance charges.

The first-year catalysts, chemicals and other
consumable costs are to be determined by the
contractor.

Solids disposal costs are to be estimated at $5.00/

dry ton (mid-1980%). This charge is to be applied
to non-hazardous wastes only.
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Table 6-8

PLANT HMAINTENANCE COSTS

Maintenance Cost as a
. Percent of the Plant

Process Unit . Facilities Investment
Coal Handling 3.0
Oxidant Feed 2.0
Gasification and Ash Handling 4.5
Gas Cooling 3.0
Acid Gas Removal and Sulfur Recovery 2.0
Fuel Gas Expansion and Air Compression 3.0
COS Hydrolysis ' 2.0
Methanol Synthesis 3.0
Steam, Condensate and BFW 1.5
Support Facilities 1.5
Combined Cycle 1.5

6~14
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Operating labor requirements are a function of the number of trains. Requirements

for the two plants under consideration are shown below on a shift basis.

Methanol/Power
Power Production Coproduction
Case AZ Case B2
Control Room Operators 5 5
Field Operators 17 20
Foremen 2 2
Lab and Instrument Technicians 4 3
‘ 28 30

It is anticipated that incorporation of the methanol plant will require additional
field operators. In determining labor requirements, moderr computer assistance

(cathode ray tube consoles) is assumed.

tiore than 80 percent of the catalyst and chemicals cost is made up of fuel oil
(46 percent), corrosion inhibitor (20 percent), and surfactant (15 percent) in
the power production Case A2. In the methanol/power coproduction Case B2, the
catalyst and chemicals cost is largely made up of fuel oil (30 percent), methanol
plant catalyst (25 percent), corrosion inhibitor (15 percent) and surfactant (11
percent). Fuel oil is required for startup of all combustion gas turbines, an
average of 4.7 times yearly. For each startup, 24 hours is the allocated time of
fuel oil firing. The corrosion inhibitor and surfactant are used exclusively in
plant cooling water. Some minor chemical costs are associated with the following
operations: process condensate treating, softening of cooling tower blowdown,
acid gas removal, demineralization, COS hydrolysis in Case B2, sulfur recovery
and tail gas treating. Less than two percent of total catalysts and chemicals

cost is contributed by replacement of catalysts in the sulfur recovery and tail
gas treating units.
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Section 7

FINANCIAL ANALYSIS

Starting with this task, the Advanced Power Systems (APS) Division of EPRI is
using a new method of financial analysis to that employed in previous Fluor

studies. The new methodology, developed by the APS Division's Engineering and
Economic Evaluations Program staff, has been employed by the EPRI Project Mana-
ger to prepare the results presented in this section of the report. Therefore,

this financial analysis discussion has been written by the EPRI Project Manager.

The méthodology‘ used to determine revenue requiremeﬁts from the methanol copro-
duction plant (B2) was to first calculate the revenue required. for electricity
production from the Texaco-based GCC power plant (22), and then to credit such
revenues to the methanol coproduction plant (B2). The remaining revenue required
{in excess of the electricity credit) then represents the revenue requirement

for the methanol coproduct.

As discussed in earlier sections of this report, both the A2 (GCC) and the B2
(methanol coproduct) plant designs performed by Fluor vere based on the same coal
feed rates of 10,000 tons/day. This resulted in a GCC power plant (A2) having a
capacity of 1106.52 MW and a methanol coproduction system (B2) having an 810.34
MW ' power production capability.. Because of the method of financial analysis
described above, it was deemed convenient to scale up the Fluor design for the
coproduction plant (B2) such that it would have the same electrical capacity
(1106.52 MW) as the GCC plant (a2). Scale-up of the Fluor design was performed
on a simple linear basis, i.e., all feedrates, product rates and costs generated
by Fluor were multiplied by the ratio 1106.52/810.34. Plant performance char-
acteristics for Case A2 and the scaled-up Case B2 have been présented earlier in

this report and are reprs uced in Table 7~1 for convenience.

Secondly, it is important to note that the Fluor generated plant facilities in-
vestment estimates and operating cost estimates for both plants were prepared in

mid~1978 dollars. For the purpose of this study these estimates were escalated
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to mid-1980 dollars by incrementing them by 27 percent. This high equipment
inflation rate for that particular two year period was chosen by EPRI after con-
sultation with Fluor and other major engineering construction companies. Details
of these capital and operating cost estimates for both plants can be found in

Section 6 of this report. It is important to realize that all of the financial

analysis presented in this section axe based on the scaled-up Case B2 (coproduc-

tion) design and on the mid-1980 dollar capital and operating cost estimates.

As has been mentioned earlier, the cost of the coproduced methanol from Case B2
is determined by first calculating the revenue reqhirements for electricity pro-
duction from Case A2. Because a new method of financial analysis is being used
and because new financial parameters are being employed, the cost of electricity
from plant A2 will first be discussed and compared with other EPRI cost estimates
for similar GCC plants as well as a reference coal fired steam plant--all treated
in the same manner. Such a comparison will act'as a bridge between previous pub-
lished EPRI results and the results of this study.

COST OF ELECTRICITY ESTIMATES FOR CASE A2
The plant design for Case A2 represents an integrated Texaco-based GCC system
using a currently available (2,000°F) gas turbine. It is simiiar in most respects

to two other GCC systems designed under EPRI funding, i.e.,

. A design completed by Fluor in 1980 and published in EPRI Report No.
AP-1624 (See Case labeled EXTC-79), November, 1980.

. An independent design completed by R.M. Parsons in 1981 as part of
Research Project 986-8 (See Case labeled Configuratiom A). A report

of this effort is scheduled to be published in December, 1981.
The major difference between the above two GCC plant designs and Case A2 is in
the selection of the average gasification system pressure. The Case A2 gasifi-
cation plant has been designed to operate at an average pressure of 1,000 psig
whereas the other two GCC systems have average gasification system pressures of

600 psig.

Finally, for comparative purposes, the performance and economic results for
the above three Texaco-based GCC power plants will be compared with equivalent
results generated for a conventional coal~fired steam plant with flue gas desul-
furization. Major dez:gn and performance parameters for each of these four plants
is shown in Table 7-2.
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Costs of electricity for all four power plants described in Table 7-2 were

calculated on the basis of criteria outlined in Table 7-3.

Detailed cost of elextricity calqulations for the Case A2 system are reproduced
in 2ppendix C. The four tables reproduced in the appendix present a detailed
capital outlay schedule, an annual capital recovery schedule, K an annual revenue

requirements schedule and an annual cash flow schedule.

Table 7-4 presents the costs of electricity results for Case A2 as well as a
comparison of the Case A2 results with the other three designs.

The results of Table 7-4 lead to a number of interesting conclusions. First it
is encouraging to see that the capital and operating cost estimates for the three
Texaco-based GCC power plants are quite similar. The range of total capital
requirement estimates for the three GCC configurations ($1,009/kW to $1,085/kW)
is too small to indicate any significant differences between the three system
designs. The conclusion to be drawn from this is that there appears to be no
impact of operating pressure {in the range 600 psi to 1,000 psi) on system capi-

tal cost.

A second major conclusion to be reached based on the information presenteé in
Table 7-4 is that the capital regquirements for the GCC systems appear to be
essentially the same as the capital required for the conventional coal fired
steam plant. On the other hand, the cost of electricity estimates for the GCC
plants indicate a 10 percent reduction over thiat estimated for the coal fired.
steam plant. This cost saving attribated to the GCC systems is due primarily to

lower coal and O&l1 costs.

It has been stated previously that the financial calculations described in this
section of the report are based on a new methodology and a new set of financial
criteria developed by the APS Division. The new criteria and methodology were
developed to facilitate the analysis and comparison of systems producing or
coproducing products sther than electricity (i.e!, primarily liquid and gaseous
fuels). EPRI has developed another set of financial criteria for analyzing and
comparing costs of electricity generated in power plants. These criteria are to
be published shortly in the 1981 Technical Assessment Guide (1981 TAG).



Takle 7-3

FINANCIAL CRITERIA USED FOR INVESTOR OWNED
UTILITY REVENUE REQUIREMENT CALCULATIONS

Plant Location
Post-19B0 General Inflation Rate
Plant Start Up

Design and Construction Period

Project Book Life

Project Tax Life

Tax Depreciation Method
Net Plant Salvage Value
Delivered Coal Cost in 1980%

Real Coal Price Escalation
{Above General Inflation)

Property Tax Rate
Insurance Rate

Federal Income Tax Rate
State Inccme Tax Rate

Investment Tax Credit

Project ¥Financing:
Common Equity
Preferred Stock

Debt

(1]

qQ

Southern Illinois
10 percent/Year
1990

4 Years for GCC Plants
6 Years for Coal-Fired Plant

" 30 Years

16 Years for GCC Plants
22 Years for Coal-Fired Plant

Sum-of-the-Year Digits
10 percent of PFI
$1.30/10% BTU

1 percent/Year

2 percent/Year of Escalated PFI
1 percent/Year of Escalated PFI
46 percent

6 percent

10 percent of Escalated PFI Norma-

lized Over Pariod of Commercial
Operation

35 percent at 16 percent/Year After

Tax Return

15 percent at 12.75 percent/Year
Dividend

50 percent at 12.25 percent/Year
Interest
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As this section of the report discusses the cost of electricity from a variety
of electric power plants, capital and operating costs for all of these systems
have been determined using the financial criteria outlined in the 1981 TAG.

Details of these financial analyses can be found in Apperdix B, Table B-4.

COST ESTIMATES FOR METHANOL COPRODUCTION (CASE B2)

It has been stated elsewhere that the cost of methanol coproduced in the Case B2
7asign would be estimated by first assessing annual revenues for the production
a. .106.52 MW of electricity from Case A2 and then crediting those revenues to
the total revenue requirements for the scaled-up Case BZ plant which has a capa-
city of 1106.52 MW plus a capability of producing 939.5 x 103 gallons/day of
methanol. The net annual revenue requirements calculated in this manner represent
the incremental revenues directly attributable to methanol production.
Performance characteristics of the scaled-up methanol coproduction piant (Case
B2) are shown in Table 7-1. Capital and operating and maintenance costs for
this plant (in both mid-1978 dollars and mid-1980 dollars) are shown in Tables
6-6 and 6-9 respectively. )

The cost of coproducing methanol from the scaled-up Case B2 plant was datermined
on the basis of financial criteria shown in Table 7-3. Detailed cost.of electri-
city and cost of methanol calculations are reproduced in Appendix D. The four
tables for eéach case present detailed capital outlay schedules, annual capital

recovery schedules, annual revenue requirement schedules and annual cash flow
schedules.

Table 7-5 presents the estimated costs of electricity and methanol for Case a2
and Case B2.

Some points that must be kept in mind when examining the methanol costs shown in
Table 7-5 are:

] The projected costs of methanol are representative of what would be
anticipated for a coproduction plant (Case B2) owned, operated and
financed by a regulated private utility company.

e It has been assumed that a methanol/electricity coproduction plant of
the type of Case B2 would be operated at a capacity factor that is
greater than that traditionally assumed for baseload fossil plants due

. to the high value of the coproduced methanol fuel. For this analysis,
a 90 percent capacity factor has been assumed.

7-8
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In order to compare the costs of methanol produced in the "once-through" mode

shown in Table 7-5, with the alternative of producing methanol from coal in a

dedicated mode (i.e., not coproduced with electricity), the following analysis
has been performad. Recently, Fluor prepared a cost estimate for a dedicated

coal-to-methanol plant (based on Texaco gasification of Illinois No. 6 ccal) for
EPRI. Details of the iluor design and cost estimate for this dedicated methanol
plant can be found in EPRI report AP-1962, August, 1981.

Major design and performance characteristics of the dedicated cocal to methanol
plant design are summarized and compared with similar characteristics of the
"once-through” methanol section of the Case B2 design in Table 7-6. The most
interesting difference shown in this table is the fact that the thermal effi-
ciency of the "ounce-through" methanol concept is projected to be substantially
higher than the efficiency of the dedicated coal-to-methanol plant. This
increase in efficiency is due primarily to the elimination of losses created by
the requiremenls for shift cenversion, CO, removal and gas recycle in the
dedicated methanol plant.

A fipancial analysis was conducted to determine the cost of producing methanol .
from coal in the dedicated methanol plant described above. Detailed cash outlay
schedules and annual cash flow schedules are shown in Apsendix E. It is most
important to realize that the financial parameters employed for the dedicated
methanol production case are representative of those used by a nonregulated pri-
vate company. Differences between regulated and nonregulated financial para-
meters used for this study are shown in Table 7-7. .

Table 7-8 presents a comparison of the cost of producing methazoi by the “"once-
through" technique in a regulated utility owned Ffacility with the anticipated

minimum selling price of methanol produced in a nonregulated compeny owned
dedicated coal-to-methanol plant.

A fundamental difference in cost/pricing policies between regulation and non-

regulated companies must be described before the methanol costs/prices shown in
Table 7-8 can be compared.

A regulated utility company is required to sell its regulated product at actual

year-by-year costs of production. These costs include year-by-year fuel cost,

operating and maintenance costs and fixed charges. Fixed charges are capital

7~10



Table 7-6

DESIGN AND PERFORMANCE CHARACTERISTICS OF
DEDICATED AND “ONCE-THROUGH" METHANOL PLAMTS

nedicated
Methanol Once-Through
Plant Methanol Design
Fluor Design
EPRI AP-1962 Case B2 (Scaled-Up)
August, 1981 This Report
Gasifiers Texaco Texaco
Coal Type Illinois 6 Illinois #6
Coal Slurry Solids, % ? 66.7
Shift Conversion Employed Yes No
CO, Removal ) Yes No
Methanol Synthesis ICI Chem Systems
Liquid Phase
Gas Recycle Employed Yes No
Total Coal Feed Rate, lbs/hr (NF) 1,204,000 1,090,124
Net Electricity Produced, MW 0 1,106.52
Methanol Produced, 103 gal/day ’ 3,228.6 939.5
tons/day ~ 10,927 3,118.0
FOEBa/dau © 36,154 10,520
10° BTU/day 211,500 . 61,546

Efficiency of Methanol Production,

% of Coal HHV 57.886 68.80

aBarrels of distillate fuel oil (5.85 x 10® BTU/BBL) with higher heating value
equivalent to methanol produced.
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Table 7-7

FINANCIAL PARAMETERS USED TO DETERMINE
METHANOL PRICES AND COSTS

Plant Location

Post-1980 General Inflation Rate
Plant Start Up

Design and Construction Period
Project Book Life

Project Tax Life

Net Plant SaJvage Valne
Delivered Coal Cost in 1980%
Real Coal Price Escalation
Annual Property Tax Rate
Annual Insurance Rate

Federal Income Tax Rate

State Income Tax Rate

Investment Tax Credit

Common Equity
Preferred Stock

Debt

Regulated Utility
Owned Methanol
Electricity Coproduction
. Plant, Case B2

Nonregulated Company
Owned Dedicated
Coal-to-Methanol
Plant

Southern Illinois
10%/Year
1990
4 Years
30 Years
16 Years
10% of PFI
$1.30/10% BTU
1%/Year
% of PFI
1% of PFT
46%
6%
10% of PFI Normalized
Over Period of Commercial
Operation

35% at 16%/Year After
Tax Returnm

15% at 12.75%/Year
Dividend

50% at 12.25%/Year
Interest

Southern Illinois
10%/Year
1990
5 Years
20 Years

13 Years

-]

3

i0°

of FFi

o

$1.30/10% BUT
1%/Year
2% of PFI
1% of PFI

46

o\

6

o

10% of PFI Taken
During the Construction
Period

100% at 20%/Year After
Tax Return



PRODUCTION COST AND SELLING PRICE ESTIMATES

Table 7-8

FOR METHANOL PRODUCTION-90% CAPACITY FACTOR

Total Capital Requirement for
1990 Start Up, $/FOEB3/day

Methanol Cast/Price

First Year (1990} $/10° BTU
¢/gallon

Fifth Year (1994) $/10% BTU
¢/gallon

Tenth Year (1999) $/10° BTU
¢/gallon

Twentieth Year (2009) $/10® BTU
¢/gallon

Levelized* $/10% BTU
¢/gallon

Regulated Utility
Owned Methanol

Electricity Coproducticn

Nonrequlated Company
Owned Dedicated
Coal-to-Methanol

Plant, Case B2 " Plant
Current Mid--1980 Current Mid-1980
Dollars - Dollars Dollars Dollars
79,545 32,165 103,142 41,666
15.18 5.58 21.41 7.87
99.4 36.6 140.3 51.6
19.10 4,80 31.35 7.87
125.1 31.4 205.4 51.5%
26.83 4.18 50.49 7.87
175.8 27.4 330.8 51.6
60.30 3.62 130.96 7.87
395.0 23.7 857.9 51.6
25.24 4.32 36.26 7.87
165.4 .28.3 237.5 51.6

9Barrels of distillate fuel oil (5.85 x 10° BTU/BBL) with higher heafing value

equivalent to methancl produced.

*A levelized cost/price is one which if held constant will yield the same return on

common equity as the varying year-by-year values.



related. As time goes by, the unrecovered capital investment decrsases and
therefore it should be anticipated that the cost of a regulated product will
decrease in constant dollars. The second column in Table 7-8 (methanol cost
in constant mid-1980 dollars) shows this characteristic, i.e., the constant
dollar cost of producing the "once-through" methanol decreases from $5.58/10°
BIU ir 1990 to $3.62/10° BTU in 2009 due to a dramatic decrease in the
unrecevered capital investment for the plant.

On the other hand, when a nonregulated private company produces a product, that
product is generally sold at the “"competitive market price." Therefore, the
prices in the last two columns of Table 7-8 have been calculated as follows: A
first year {(1990) selling price was determined such that if it were escalated at
the general inflation rate 10 percent per year for the life of the project (20
years), the net after tax discounted cash flow rate of return to the equity owner
would be exactly 20 percent. The selling prices indicated in Table 7-8 imply
that the equity holder will be satisfied with a 20 percent return (9.99 percont
above iuflalion) on investmernt.. [f the return on equity requiremeht is higher,
the initial selling price of methanol will increase significantly (as will be

shown by the sensitivity analysis presented later).

Comparing the cost of producing methanol in'a vbility owned methanol/electricity
coproduction plant with the anticipated selling price of methanol produced in a
nonutility owned dedicated coal to methanol facility, a qumber of interesting
features emerge:

. The first year cost of "once-through" methanol has the potential to be
30 percent lower than the expected minimum selling price of methanol
produced by a nonregulated company. Such a saving translates into a
saving of $30 million/year for a utility comsuming 10,000 bbl/day of
liquid fuel.

® After the first year of operation, the cost of methanol produced by a
utility in a methanol/electricity coproduction plant decreases (in con-
stant dollars) with time from $5.58/10% BTU in 1990 to $3.62/10% BTU
(both in mid-1980 dollz 's) in 2009. The nonutility produced methanol,
however, will, at best, maintain its constant dollar price of §$7.87/10°
BTU for the twenty year period. If liquid fuels escalate in price at a
rate higher than the general inflation rate, the constant dollar
$7.87/10% BTU will increase proportionately.

L The average (levelized) constant dellar cost of the coproduced methanol
($4.32/10% BT) represents a saving of 45 percent over the average con-
stant dollar selling price of §7.87/10% BTU for nonutility produced
methanol.
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The final conclusion to be derived from this analysis is that the potential
benefits to the utility industry to coproducing "once-through® methanol and
electricity could be extremely large. It is critical to keep in mind, however,
the fact that the "once-through" methanol process described in this report only
exists at a small experimental level. This work simply demonstrates the poten-
tial economic benefits that could be realizéd if the Chem Systems “once~through"
methanol process could be successfully developed Et commercial scale, or if one
of the currently existing commercial metharniol synthesis processes could be modi-
fied to operate in the "once-through" mode. EPRI is currently investigating
this second alternative.

SENSITIVITY ANALYSES

The costs of methanol presented in Table 7-8 must be considered to be speculative
at this point as none of the plants being evaluated has ever been constructed
and successfully cperated at any écale. It is also important to realize that
current political and economic uncertainties make it impossible to project, with

any degree of accuracy. what financial facrors

LN

i.e., inflation rates, intavest
rates, returns on equity, governmental assistance, etc.) will exist in 1990 when
all of these systems have been assumed to start operation. Therefore, a number
of sensitivity studies have been conducted to determine the impact of different
technical and economic conditions on the estimates of methanol and electricity

prices presented previously.

Table 7-9 presents sensitivities of first year product costs to design and
financial factors whereas Table 7-1G presents the sensitivities of levelized (or
life cycle) costs to these factors. Looking at Table 7-9, sensitivities of first

year product costs, the following conclusions can be reached:

® A lower than 10 percent inflation rate will tend to decrease the
first year constant dollar cost of methanol coproduced by a recu-
lated utility significantly, whereas it would have no impact on
the first year constant dollar price f dedicated methanol pro-
duced by a nonregulated company.

[ ) 4 two year startup delay would significantly increase the first
year constant dollar price of nonrequlated methanol production
and would have essentially no impact on the first year constant
dollar cost of regulated methanol coproduced with electricity.

® The base case first year methanol cost/price results indicate that
regulated company coproduction costs would be approximately 30
percent lower than nonregulated company selling prices for
dedicated methanol production. The results of Table 7-9 show that
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40 percent of the 30 percent reduction is due to the different
methods of financing the two plants (i.e., regulated vs non-
regulated financing) whereas the other 60 percent of the 30 par-
.cent cost reduction is due to more efficient conversion of the
coal to methanol via the "once-through" route.

Finally, it is of great interest to note that the first year con-
stant dollar selling price of dedicated methanol is acutely
sensitive to the return on equity reguired by the nonregulated
producer, i.e., changing the required return onr equity from 20
percent to 30 percent would increase the required selling price
of methanol from $7.87/10° BTU to $12.72/10% BTU,
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Table 7-11

NOTES FOR TABLES 7-9 and 7-10

* Base Case parameters used for Cases A2 and B2 are itemized in Table 7-3
(Regulated Utility Financing) and those used for the dedicated coal to

methanol plant are itemized in Table 7-7 (Nonregulated Private Company).

9 A 3 percent inflation free coal price escalation rate is equivalent to a 13.3

percent actual escalation rate if general inflation is 10 percent/year.

.

# For the 5 percent annual inflation rate case, the following financial para~

meters were used:

Dedicated Coal-to-

Cases A2, B2 Methanol Plant
Annual Return on Common Equity 10.73% 14.55%
Annual Preferred Stock Dividends 7.63% --
Rnnual Interest on Debt 7.15% -
Annual Coal Price Escalation Rate 6.05% . 6.05%

# For this analysis, the criteria shown in Table 7-3 were applied to the dedi-
cated coal-to-methanol plant.

#* The thermal efficiency of the dedicated coal-to-methapnol plant was changed

from 57.86 percent to 52.07 percent.
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Appendix A

CONBINED-CYCLE SYSTEM DETAILS

GENERAL

Two similar combined-cycle designs are used for the cases in this study. Perform-
ance for the combustion gas turkines, including net power generation and complete
heat and material balance data, were supplied by EPRI computer calculations based -

on fuel gas flows, compositions, and temperatures determined by Fluor.

The basic steam cycle conditions were specified by EPRI, but other steam levels
were selected by Fluor as appropriate to the process. Where possible, consistency

was maintained with the Westinghouse designs in EPRI report AF-642.

Each of the combined-cycle systems consists of gas turbogenerators with their

associated heat recovery steam generators (HRSGs), a steam turbogenerator, and
auxiliary pumps, steam drums, and deaerator. All steam cycle equipment was sized
to interface with the coal gasification process. Both cases employ an auxiliary
generator driven by a low-pressure steam turbine. HRSG approach temperatures

{40°F), pressure losses, and blade loadings used in the caleulations ‘all reflect
current utility criteria for lowest cost of power. Design parameters have been
selected to demonstrate that the heat balance reflects performance of equipment

currently available for order.

A summary of the calculated power output at the gencrator terminals and heat
rejected to the process and power plant cooling towers is in Table A~1. The cal-
culated steam turbine power outputs include a lwo percent deduction for estimated
mechanical and electrical losses as well as a radiation loss of three Btu/lb of

the gas.



TECHNICAL CRITERIA

Process Interface

Flow rates, compositions, pressures, and temperatures of the fluids to the power
block are based on the design of the process fuel plant and the methanol plant.
Heat integration between the process units and the power block is -used wherever

possible for cost-effective utilization of energy.

While most of the gas and steam turbine parameters were held constant, the result-
ing integrated plants differ when available heét is utilized. The guantity and
quality of waste heat provided to the power block are related to the fuel plant

and methanol plant process.

Prime Cycle

In both cases, the fuel gas from the gasification process is delivered to the gas
turbine valve at 245 psig. In Case B2, 295 psig steam is injected prior to com-

bustion to limit the formation of Hox.

Steam Bottoming Cycle

Steam Conditions. Steam conditions used for the three-section steam turbine are:

Turbine Throttle

Cases A2 and B2 1450 psig, 900°F superheat
385 psig, 900°F reheat

Condenser ' 2.5 inches Hg abs

Steam Generation. Other steam pressure levels are 445 psig, 115 psig, and 50 psig.
The two major sources of heat, producing all 1450 psig steam, are the sensible
heats from raw gasifier effluent and gas turbine exhaust.

Heat Recovery Steam Generator (HRSG) Conditions

Each gas turbine is coupled to two identical heat recovery steam generators. Low
level heat recovery from the HRSG was cal<ulated by maintaining flue gas stack
temperature at 290°F. For heat balance purposes, boiler blowdown was neglected.
The low-pressure flash qgases from the process plant are used as reducing gases in
the Beavon unit in all cases. In some cases, there is more flash gas ava%lable

than the Beavon unit requires. These excess gases are burned as supplementary
fuel in the HRSG.

aA=2



For the detailed HRSG flow scheme, see the Units 50 and 51 flow diagfams and com-
bined-cycle descriptions in the body of the report.

Steam Driver

A medium-pressure condensing turbine is used in each case for the main HP boiler

feedwater pump. The spare HP boiler feedwater pump is motor driven.

COMPONENT DESCRIPTION

Gas Turbine (50-1-GT-1). For both rotating blades and static parts, the gas tur-

bine utilizes compressor bleed air that is cooled against IP feedwater producing
IP steam. The following materials are used in high-temperature service for this

machize with 2000°F nominal inlet temperature:

Combustion Liner and Transition Piece - Hastelloy-X
Turbine Nozzles ) - F&8X-414
Turbine Buckets (Blades) - IN738 (stages 1 and 2)

Us00 (stage 3)

The first-stage turbine buckets are coated to provide protection against oxidation
and corrosion. The combustor outlet temperature of 2000°F is, within the design

limits, for currently available turbines in peaking service. Some minor upgrading
of rotor materials in the expander section may be necessary for baseload operation

at this temperature.

Gas Turbine Generator (50-1-G-1). Each gas turbine drives a suitably rated, 0.9 )

power factor, 0.58 short circuit ratio, three-phase, 60 hertz, 13.8 kV, 3600 rpm
open-ventilated air-coocled generator. This generator employs licapal and Mica Mat
insulation systems for stator windings, and Nomex insulation for the rotor wind-
ings. These insulation systems are designed to operate at higher temperatures
than conventional insulating materials. The generator utilizes conductor cooling
in the rotor windings, wherein air flows through radial holes in the windings, so
the cooling air is in direct contact with the copper conductor. By eliminating
the thermal resistance of insulation and steel, this provides much more - fective

cooling than the conventional ventilating duct technique.

A tubulation of gas turbine performance and geherator output is given in Table A-Z.



Steam Bottoming Cycle

HR5G (51-1-B-1). Two HRSGs 51~1-B-1 are coupled with each gas turbine 50-1-GT-1,

to recover heat from turbine exhaust gases. In addition to superheating and
reheating duties, the HRSG generates saturated steam at two or three pressure
levels, depending upnn the case. HP steam at 1500 psig, MP steam at 115 psig,
and VLP steam at 15 psig are always produced.

The HP saturated steam generated in the HP evaporator is heated to 900°F in the
superheater E-1. HP saturated steam a.vgilable‘ from the process is combined with
the HP steam from the HRSG before entering the superheater.

Saturated steam produced in the various IP steam generators is combined with cold °
reheat steam from the high-pressure steam turbine and superheated to 900°F by
passing through the reheater. Steam from the MP generator is added to IP steam

turbine exhaust, then enters the condensing turbines.

One common tray-type deaerator, operating at 15 psia, serves the multiple HRSGs
and process steam system. Each HRSG is provided with its own HP and HP steam
drums and corresponding briler feedwater circulation pumps.

HRSG design is based on vertical finned tubes. Modular construction permits ship-
ping in sections and minimizes installation costs. The HRSG exhaust gas tempera-
ture of 290°F, allows the gas side surface of the final coil to operate safely

above the sulfur dioxide dew point. The performance of the HRSGs for each case
is summarized in Table A-3.

Steam Turbine ‘(51-'1‘—11;&2 and 51-'1‘—2). A tandem compound, reheat turbine system,
consisting of HP and IP stages 51-T-1A&B and two split-case MP ends 51~-T-2, is
used for both cases. This system is unconventional in that steam is not extracted
for feedwater heating.

The HP end receives superhezted steam at 1450 psig, 900°F and exhausts to the
IP steam header at approximately 445 psigi. The IP steam, after combining with
gas turbine air cooler steam und sulfur plant steam, is reheated to 900°F in the
HRSG reheaters and flows to the. IP stage with an inlet condition of 385 psig,
900°F. The exhaust steam is at 93.8 psig.



The LP end 51~T-2 is a condensing type unit receiving steam at 93.8 psig and
exhausts at 2-1/2 inches Hg absolute. The main surface condenser associated with
51-T-2 is desigmed for cooling water flow in two tube side passes with 80°F cool-
ing water inlet temperature and 20°F temperature rise.

Low-pressure steam turbogenerator 51-T-3 has been provided to recover additional

low-temperature process heat.

Generator (51-1-G-1). The primary steam turbine system consisting of 51-T-1a,

51-T-1B, and 51-T-2 drives a suitably rated generator: consisting of, 0.9 pover,
0 to 58 short circuit ratio, three-phase 60 hertz, 24 kv 3600 rpm outdoor type.

a-5



Table A-1

POWER BLOCK PERFORMANCE SUMMARY - METHANOL COPRODUCTION

OXYGEN-BLOWN TEXACO~BASED GCC PLANT

Methanol Coproduction

Case Designation

GENERATION
Gas Turbine, MW
HP Steam Turbine, MW
LP Steam Turbine, MW
Fuel Gas Expanders, MW
Total, Power Block, MW

HEAT REJECTION TO TOWERS

Process Cooling, 1C® Btu/hr*

Power Block Heat Rejection,
10® Btu/hr

Total Heat Rejection, 10° Btu/hr

*Includes mechanical and electrical losses to cooling water

None

A2

692.25
546.90
14.53
36.64

1,290.32

554.3

3,828.1

4,382.4

Yes

B2

519.19
434.19
16.35
26.37

996.10

570.0

3,053.5

3,623.5



Table A-2

GAS TURBINE PERFORMANCE SUMMARY - METHANOL COPRODUCTION

OXYGEN-BLOWN TEXACO~BASED GCC PLANTS

Methanol Coproduction

Case Designation

Compressor Suction Pressure, psia
Compressor Discharge Temperature, °F
Rotor Coolant Temperature, °F
Turbine Exhaust Pressure, psia
Compressor Air Flow, lb/s

Fuel Flow, lb/s

Turbine Exhaust Temperature, °F

Rotor Cooling Air Cooler Duty,
10% Btu/hr

Power Output, kW*

Total Exhaust Gas Flow, 1lb/s

*At generator terminals

a=7

a2
1%.4
700.5
450.0
15.5
5,702.7
400.4

966.9

52.1
692,250

6,103.1

Yes

B2
14.4
700.5
450.0
- 15.5
3,836.8
431.0

982.4

35.0
519,190

4,267.8



Table A-3

HRSG PERVORMANCE SUMMARY - METHANOL COPRODUCTION
OXYGEN~BLOWN TEXACO-BASED GCC PLANTS

Methanol Coproduction None

Yes
Case Designation A2 B2
Exhaust Gas Flow, 1lb/s 6,103.1 4,267.8
SH aMD RH SECTIONS
Exhaust Gas Temperature In,
9PF 859.6 979.0
SH Flow, lb/s i 858.0 721.8
SH Temperature In, °F 598.0 598.0
SH Enthalpy In, Btu/lb 1,167.6 1,167.6
SH Temperature Qut, °F 900.0 900.0
SH Pressure Out, psig 1,505.0 1,505.0
SH Enthalpy Out, Btu/lb 1,429.9 1,429.9
SH Duty, 10 Btu/hr , 810.2 €81.7
RH Flow, 1lb/s 933.7 746.4
RH Temperature In, °F 607.0 616.0
RH Enthalpy In, Btu/lb 1,305.6 1,311.2
RH Temperature Cut, °F 900.0 900.0
RH Pressure Out, psig 385.0 385.0
RH Enthalpy Out, Btu/lb 1,470.1 1,470.1
RH Duty, 105 Btu/hr 553.0 426.9
Exhaust Gas Temperature, °F 728.5 714.0
HP_EVAPORATOR SECTION
Water Enthalpy In, Btu/lb 614.0 812.7
HP Steam Evap., 1lb/s 263.3 156.1
HP Steam from Gasifier WHB,
ib/s 594.8 565.7
HP Drum Temperature, °F 595.0 598.0
HPF Drum Pressure, psia 1,520.0 1,520.0
HP Steam Enthalpy Out,
Btu/ib 1,167.6 1,167.5
HP Evap. Duty, 10° Btu/kr 524.2 311.8
Exhaust Gas Temperature, °F 638.0 638.0
HP ECONCMIZER SECTION A
Water Flow, lb/s 1,003.1 721.8
Water Enthalpy In, Btu/lb 394.4 399.8
Water Flow to Unit 20, 1b/s 594.8 565.7
Water Enthalpy out, Btu/lb 614.0 612.7
buty, 10°% Btu/hr 793.0 553.3
Exhaust Gas Temperature, °F 499.0 501.0



Table A~3

HRSG PERFORMANCE SUMMARY - METHANOL COPRODUCTION
- OXYGEN~-BLOWN TEXACO-BASED GCC PLANTS

Methanol Coproduction

Case Designation

IP ECONOMIZER SECTION
Water Flow, 1b/s
Water Enthalpy In, Btu/lb
Water Enthalpy Out, Btu/lb
Duty, 10% Btu/hr
Exhaust Gas Temperatvre, °F

HP ECONOMIZER SECTION B
Water Flow, 1lb/s .
Water Enthalpy In, Btu/ib
wWatzar Enthalpy Out, Btu/lb
Duty, 10° Btu/hr
Exhaust Gas Temperature, °F

MP EVAPORATOR SECTION
Water Enthalpy In, Btu/lb
MP Steam Evap., lb/s
MP Drum Temperature, °F
MP Drum Pressure, psia
MP Steam Enthalpy Out,
Btu/1b
MP Evap. Duty, 10% Btu/hr
Exhaust Gas Temperature, °F

MP ECONOMIZER SECTION
Water Flow, lb/s
Water Enthalpy In, Btu/lb
Water Flow to Process, 1lb/s
Water Enthalpy Oout, Btu/lb
Duty, 106 Btu/hr
Exhaust Gas Temperature, °F

HPF ECONOMIZER SECTION C
Water Flow, lb/s
Water Enthailpy In, Btu/lb
Water Enthalpy out, Btu/lb
puty, 10° Btu/hr
Exhaust Gas Temperature, °F

LP EVAPORATOR 'AND DERERATOR
Deaerator Temperature, °F
Deaerator Pressure, psia
LP Steam Flow In, 1lb/s
LP Steam Enthalpy In,

Btu/lb

(Continued)

Norne

A2

65.8
319.2
440.0

28.6
494.0

1,003.1
321.4
394.4
253.6
446.6

319.2

87.3
347.0
129.4

1,122.4
274.5
397.6

166.4
219.9

319.2
59.5
387.0

858.0
224.1°
321.5
300.8
332.7,

250.0
29.4
3.2

1,178.4

Yes

319.

49.
347.
129.

= OoOwN

1,192.
156.
402.2

®

168.0
219.9

319.2
60.0
387.0

721.8
224.1
321.5
253.1
323.0

250.0
29.4
1.9

1,179.4"
P4



Table A-3 (Continued)

HRSG PERFORMANCE SUMMARY - METHANOL COPRODUCTION
OXYGEN~BLOWN TEXACO-3ASED GCC PLANTS

Hethanol Caoproduction None Yes
Case Designation AZ B2
LP_EVAPORATOR AND DEAERATOR Continued) -
Condensate Flow In, lb/s 1,145.3 1,021.0
VLP Steam Evaporated, 1lb/s 69.2 37.3
VLP Evaporator Feedwater

Enthalpy In, Btu/lb 217.8 217.8
VLP Steam Enthalpy Out, .

Btu/lb 1,163.9 1,163.9
Evaporator Duty, 10%° Btu/hr 235.7 127.2
Exhaust Gas Temperature .

Out, °F - 290.0 280.0

A-10



Table A-4

HP/IP/MP STEAli TURBINE PERFORMANCE SUMMARY - METHANOL COPRODUCTICN
OXYGEN-BLOWN TEXACO-BASED GCC PLANTS

Methanol Coproduction . None Yes
Case Designation A2 B2
HP BACK PRESSURE ELEMENT .
Throttle Conditions 1450/909 1450/900
inlet Enthalpy, Btu/lb 1,425.¢ 1,429.9
Throttle Flow from HRSG, )
1b/s 858.0 721.8
Throttle Flow. from Process,
1b/s 0.0 0.0
Total Throttle Flow, lb/s . 858.0 . 721.8
Shaft 3eal Bypass, 1lb/s 4.8 4.1
Exhaust Enthalpy, Btu/lb 1,315.4 1,315.4
IP BACK PRESSURE ELEMENT
Reheat Conditions 385/900 385/900
Reheat Flow, 1lb/s 933.7 746.4
shaft Seal Bypass Flow,
1b/s 1.1 0.9
Inlet Enthalpy, Btu/lb 1,470.1 1,470.1
Ezhaust Enthalpy, Btu/lb 1,329.1 1,329.1
ME_CONDENSING ELEMENT
Inlet Conditions, psig/°F 93.8/572 93.8/580
Inlet Enthalpy, Btu/lb 1,314.4 1,318.6
Inlet Flow, lb/s 1,024.4 790.5
Flow to Condensers, lb/s . 1,030.4 . 795.4
Exhaust Enthalpy, Btu/lb 1,022.5 1,025.1
Concdensers Cooling Water '
Flow, gpm
Total Power Output, kw# ’ 546,900 434,1¢1

*At generator terminals

a-11



Table A-5

LP CONDENSING STEARM TURBINE PERFORMANCE SUMMARY - METHANOL COPRODUCTION
OXYGEN-BLOWN TEXHACO-BASED GCC PLANTS

Methanol Coproduction None Yes
Case Designation ' a2 B2
Inlet Conditions,psig/°F 50/298 50/298
Inlet Enthalpy, Btu/lb 1,179.4 1,179.4
Inlet Flow, lb/s 73.9 83.1
Flow to Condenser, lb/s 73.9 83.1
Exhaust Enthalpy. Btu/lb 5$89.3 _ 989.3
Condenser Cooling Water

Flaw, gpm . 24,270 27,300
Power Output, Kw* 14,525 16,347

*At generator terminals

A-12



Appendix B

COSTS OF ELECTRICITY CALCULATED OGN
THE BASIS OF THE 1981 TAG CRITERIA

The financial criteria used to generate cest of product estimates in this report
were developed to cover a wide range of products welectricity, liquid and gaseous
fuels) produced by a variety of different organizations (regulated utility com-

panies, nonregulated private corporations).

EPRI, which is the research and development arm of the electric utility industry,
is an organization which concentrates the bulk of its activities in the area of
power generation by regulated utility companies. The Institute has developed a
set of consistent finanecial criteria for the estimation of the cost of electric

power generated by electric utility companics.

As this study contains capital and operating cost estimates for a number of GCC
power generating systems, cost of electricity estimates are being presented in
this appendix on the basis of the formal EPRI financial criteriz for evaluating
power plants. These EPRI criteria are detailed in the 1981 Technical Assessment
Guide (TAG) to be published later this year.

Table B-1 presents a comparison of the financial parameters used to determime
the cost of capital specified by the 1981 TAG with similar parameters used for
the estimates presented in this report. Tables B-2 and B-3 present similar
comparisons of criteria used to determine additional capital requirements and

operating costs.

Capital requirements and 30 year levelized costs of electricity for the three
GCC plants and the conventional coal fired plant discussed in this report have
been calculated on the basis of the 1981' TAG criteria and are presented in Table
B-4. These costs are equivalent to those presented in Tables 6-6 and 7-4 in the
body of the report.



Table B-1
COMPARISON OF COST OF CAPITAL CRITERIA

APS Division Criteria

1981 TAG Criteria (See Table 7-3)
Quantity Quantity ‘
Used Used

Debt/Equity Ratio 50/50 50/50
Common Equity 35% 35%
Preferred Stock 15% 15%
Debt 50% 50%
General Inflation Rate, %/Y¥r. 8.5 10.0
Common Equity Cost, %/¥r. 15.3 16.0
Preferred Stock Cost, %/Yr. 11.5 12.75
Debt Cost, %/Yr. 11.0 12.25
Weighted Cost of Capital, %/Yr. 12.5 13.64
Federal + State Income Tax Rate 50% 49.24%
Property Taxes & Insurance, %/Yr. 3
Investment Tax Credit, % 19 10
Plant Book Life, Years 30 30
Plant Salvage Value, % 0 10
Plant Tax Life ’

Steam Plants 22.5 22

Combined Cycle Plants - 16
30 Year Levelized Fixed

Charge Rate, %/Yr. 16.1%* 18.5-19.5%*

# Based on using the before tax "weighted cost of capital" as the discount rate.

**Based on using the after tax return on common equity as the discount rate.



Table B-2

COMPARISON OF ADDITIONAL CAPITAL REQUIREMENTS CRITERIA

Royalties

Preproduction Costs

Working capital

Land (Dec. 1980$/Acre)

AFDC Charges

1981 TAG Criteria

0.5% of Process Capital

1 Mo. Fixed Operating Costs

1 Mo. Variable Operating
Costs at Full Capacity

25% of 1 Mo. Fuel Cost
At Full Capacity

2% of Plant Investment
1 HMo. of Fuel at 100% CF

1 Mo. of Other Consumables

5500

Determined at the Weighted
Cost of Capital

B-3

APS Division Criteria

0.5% of (Process Capital +
General Facilities + Eng.

& Home Office Costs +
Initial Catalyst & Chemicals

+ Contingencies)

3% of Plant' Investment
1 Mo. of Fuel at 100% CF
3 Mo. of Labor Costs

1 Mo. of All Other Operating
Costs at 100% CF

Contingency of 25% of Sum
of above

5208

Determined at the Interest
Rate



Operating Labor Rate, $/hr

COMPARISOM OF QPERATING COST CRITERIA

Table B-3

1981 TAG

—Criteria

Qﬁantity

Used

(Dec. 1980s)

Illinois No. 6 Coal (Deliv) $/10® nTU

Coal Escalation Rate (Inflation Free),

%/Year

Raw Water, ¢/1000 gal.

Dry Solids Disposal, 5/ton

Sulfur Credit, $/long ton

Admin. & Support Labor, %

& Maintenance Labor

Design Capacity Factor

Plant Start Up

of Operating

16.43

1.65

50

5.00

60

30%

Jan., 1981

APS Division Criteria

Quantity
Used

(July 1980%)

20.00

1.30

50

5.00

Jan., 1990



It can be seen from the data in Tables 6~6 and B-4, that the total capital
requirement for the Case A2 GCC plant is essentially the same, i.e., $1149.3/kW
in December 1980 dollars from Table B-4 and $1076.55/kW in mid-1980 dollars (or
$1130.38/kV in December 1980) from Table 6-6.

.
The major difference between.these two sets of criteria appears in the levelized
cost of electricity calculation. For the Case A2 GCC plant, the 30 year current
dollar levelized cost of electricity calculated using the 1981 TAG criteria shown
in Table B-4 is 82.06 mills/kWh, whereas that shown in Table 7-4 is 193.78
mills/kWh. The primary reason for this large difference is the fact that the
TAG criteria produce an "“average" (levelized) current dollar cost in the time
period 1981-2010 (i.e., for a plant starting up in 1981) whereas the costs
presented in Table 7-4 are “average" (levelized) current dollar costs in the time
period 1990-2020 (i.e., for a plant stai‘ting up in 1990). The important feature
of these two different sets of financial criteria is that they result in-the same

relative differences in costs of electricity between systems, i.e.,

Electricity Costs Electricity Costs

Presented in Table 7-4 Presented in Table B-4

In The Body Of This Report

Based On _The 1981 TAG Criteria

Levelized Relative Levelized Relative
Cost of Difference With Cost of Difference With
Electricity Respect To Coal~ Electricity Respect Te Coal-
Mills/kWh Fired Plant Mills/kWh Fired Plant
Case A2 193.78 - 8.33% 82.06 - 9.45%
Case EXTC-79 188.50 -10.82% 80.16 -11.54%
Configuration A  193.99 - 8.23% 81.25 ~-10.34%
Coal~Fired Plant 211.38 - 90.62 -
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Appendix C.

FINANCIAL ANALYSIS OF GCC PLANT
(CASE A2) OFERATING AT A 70% CAPACITY
FACTOR. REGULATED UTILITY OWNERSHIP.
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Appendix F

AREA AND UNIT NUMBERING

Each plant consists of a number of facilities or systems called units. The units

are grouped into areas having similar purposes. The areas and units are numbered

according to the following consistent convention for identification. The-table

below shows the area and unit numbering system.

Area Area Description

10 Feed Systems

20 On-site Systems

30 utility Systems

40 Gif-site Facilities
50

Combined-Cycle System

Coal Handling, Grinding, and Slurry
Preparation .

Gasification and Ash Handling

Gas Cooling and Particulate Removal
Acid Gas Removal - Fuel Gas

Acid Gas Removal - Synthesis Gas

Z2inc Oxide Treatment and Methanol

Steam, Condensate and Boiler Feedwater

Plant and Instrument Air System

Railroad Loading and Unioading

Gas Turbine Power Generation
Heat Recovery and Steam Turhine
Power Generation

Unit Unit Description

10

11 Oxidant Feed

20

21

224

22B

23 Sulfur Recovery

24 Tail Gas Treating

25

Plant
30
System

32% Cooling Water

33*

34% Potable and Utility Water
35% Fuel Systems

36* Nitrogen System

4D%* Effluent Water Treating
41* Flare System

42% Fire Water System

43* Buildings

44%

"45% Electrical Distribution
50

51

*Costs of these systems are inciuded in the General Facilities section for
each of the six estimates of Total Plant Investment
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