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1.0 SUMMARY

Water management is an inbherent consideration in coal conversion
technology. Water supply is required for steam generation and may
be required for process operations and evaporative cooling. Waste-
water collection, processing, reuse and/or dispesal must be provided
for any precess wastes and feor storm runoff from coal handling and
processing areas. For coal conversian processes that employ wet
cleaning of gases, such as those supplying covled gas to storage or
to distribution systems, gas condensates are produced that contain
various pollutants. Condensates from gases derived from coal may
contain gas borne particulates, tars, oils or water solubles such
as ammonia, chlovides, cyanides, fluorides, phenols and sulfides.
The wpgrading of contaminated gas condensates to service water
quatity by ftreatment oriented technology can entail a complex
sequence of processing including desalination,

A modified wet gas c¢leaning system was proposed as offering promise
of improving the practicality of reuse of gas condensates from coal
gasification. This production oriented technology would rveplace
the conventional singie stage quench of the gases with a system
incorporating a two-stage quench., The concept advocated the removal
of particulates and the abscrption of balides and other strong
electrolytes in a controlled first stage guench that would condense
a small fraction of the water vapor contained in the product gas.
The Yow volume primary condensate would be purged from the system.
The major fraction of condensate collected by the second stage
quench would be relatively free of strong electrolytes and would be
amenable to processing for reuse without resort to desalination
technology. The wvolatile weak electrolytes in the secondary con-
densate would be removed by steam stripping and organic substances
would ke removed by biolegical treatment.

1/1
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The objective of the study was to assess the technical, economic
and eénvironmental feasibility of the application of two stagé gas
guenching te a producer gas installation. The study approach
consigted of a comparative analysis of the advantages and disadvan-
tages of conventional single quenching versus the two stage guench-
ing cuﬁcept for hypothetical gasifier installations.

The gasifier selected for analysis was madeled after the pressur-
ized, stirred, fixed-bDed gasifier of the Morganiown Energy Tech-
nology Center. The hypothetical settings employed five 300 ton per
day gasifiers for an operational capacity of 1500 tons per day.
Carson City, MNevada was selected as a site representative of a
Western installation, and Wheeling, West Virginia was selected as a
site representative of an Eastern installation. The study analyzed
air-blown and exygen-blown gasifier operations on 111indis No. &
and Montana Rozebud coals. '

The Eastern and Western gasifier settings were selected as analogous
to gasification facilities that wight be utilized for the supply of
low or medium Btu gas to major industries or industrial complexes
that have fuel requirements that are not amenable te direct coal
firing. Many industrial facilities in the Eastern and Midwestern
United States are currently oeperating with the interruptable natural
gas supplies and some industries are threatened with curtatlment of
natural gas supply. The gasifier settings were realistic and
practical inasmuch as producer gas can replace natural gas for most
industrial heating and firing operations with minor medification of
the burner systems.

Alterpative water management systems were conceptualized to maximize
practical reuse of gas condensates and minimize blowdown require-
ments. Effluent recovery and disposal concepts were evaluated,
including reverse osmosis, thermal evaporation, evaporation ponds,
 storage with barging to sea and storage with controlled discharge

172
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to watercourse. An engineering trade-off analysis was performed Lo
provide a comparative technical and economic assessment of single
stage gas guenching versus two stage gas quenching.

The tharmodynamic analysis of mass transfer in the gas train indi-
cated that halides and other strong electrolytes were absorbed to a
high degree in a first stage quench condensing 10 gallons of water
per ten of coal. Although a sieve tray absorber was employed to
estahtish equilibrium conditicns in the first stage quench, the
study results indicated that an elementary abscrption device, such
a5 a venturi scrubber, in conjunction with a knockout drum and
efficient mist eliminator, woukd suifice for absorption of halides.
Alternative control schemes were devised to effect the condensation
of a sefected volume of gas moisture in the first stage guench.
The concept for the engineering and operation of a two stage guench
system was considered sound.

The secondary condensate was indicated to be amenable to recovery
as a4 low dissotved solids service water after processing by steam
strippinﬁ plus activated sludge treatment. The formation of thio-
cyanate in the secondary condensate i5 expected to produce some
residual sulfate in the effluent from biological tLreatment, but
halide concentrations are indicated to be extremely low. It is
projected that the biotreated effluent could he precessed by reverse
osmosis Lo a permeate with gquality approaching that of ewvaporator
condensate.

The results indicated that the alternative of preliminary absorption
of halides by application of a two stage quench system was a rCost
effective design procedure for operation of the selected gasifier
installation on 111inois No. 6 ¢oal containing 0.25 percent chloride
and 0.012 percent fluoride. Subject to the assumptions employed in
the study, the alternative of the two stage quench possessed a cost
advantage over a single quench system of 0.99 $/ton and 1.07 $/ton
respectively for gasifier operation air blown and oxygen bBlgwn.

1/3
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the cost effective design procedure for operation of the selected
gasifier installation on Montana Rosebud coal containing 0.03
percent chloride and 0.003 percent fluoride. Subject to the
assumptions -employed in the study, the single quench alternative
possessed a cost advantage over a two stage quench system of 0.95
$/ton and 1.26 $/ton respectively for gasifier operation air blown
and oxygen bTown.

The dominant variable affecting the c¢ost effectiveness of the
alternatives was indicated to be the halide content of the coal
feed for situations invelving substantial reuse of gas condensate
in cooling tower circuwits. Under the conditions of the study, the
trade-off cost between single stage and two stage gas quenching
systems '..nras indicated to occur at coal total halide concentrations
of 0.15 ‘and 0.16 percent (expressed as chlorides) respectively for
air blown and oxygen blown gasification. It was concluded that the
two stage quench would be widely applicable to coal conversion
pruuesse% employing wet cleaning of halide bearing gases such as
are characteristic of many Eastern cecals.

Additional studies were recommended for the assessment of thio-
cyanate formation and for the evaluation gas train materials of
fabrication. Cost estimates were based on carbon steel decanters
and vessels although the presence of halides in comjunction with
low pH could impair the serviceability of the wnits. The appli-
cation of pH adjustment and/oy inhibitors warrant evaluation as
w1l as'alterpate materials. Design revisions were suggested to
improve the cost effectiveness of the two stage quench system but
it is inherently more elaborate than-a single quench system.

Incineration with disposal of salt cake to sea, using a two stage
gas quench system in cenjunction with desalination by reverse
osmosis and thermal evaporation, was indicated as the preferred

The results indicated that a conventional single quench system was '

1/4
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disposa) concept for inorganic wastewater bluwdown from a gasifica-
tion plant operating on high halide coal at a Jocation in the
cwicinity of Wheeiing, West Virginia.

Pond evﬂpuration, using a single gas quench system in conjunction
with desalination by reverse osmosis, was considered as the pre-
ferred disposal concept for ﬁnurganic wastewater blowdown from a2
gasifitgiinn plant operating on low halide c¢opal near Carson City,
hNevada. -

The water management concepts developed in the study are consistent
with thé objective aof convergence on “zera diéchargei" The law
volume  concentrates obtained from application of two stage gas
quenching, or by desalination, are amenable to processing by dis-
posal methods that produce dry residues.
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2.0 1NTRODUCTIGN

Water management is an inherent consideration in coal conversion
technology. Water supply is required for steam generation and may
be required for process operations and evaporative cooling.

Wastewater collection, processing, reuse and/or disposal must be

prn\ridéd_ for any process wastes and for storm runcff from coal
hand]ingiand processing areas. For ceal conversion processes that
emp 1oy wet ¢cleaning of gases, such as thase supplying cooled gas to
storage ‘or te distribution systems, gas condensates are produced
that contain various pollutants. {ondensates from gases derived

from cua’_i' may contain gas borne particulates, tars, oils or water:

50Tuh1E5'l_- such as ammonia, chlorides, cyanides, fluorides, phenols
and suif!ides. The wupgrading of contaminated gas condensates to
service g.rla'ter quality by treatment oriented technology can entail
a camp1ei '5equen-::e of processing including desalination.

A modified wet gas cieaning system was proposed by Davy McKee
Corporatl;l'qn as offering promise of improving the practicality of
reuse u'f' gas condensates from coal gasification. This production

n:-'r*1'n=.'|-n't.a-ur:r technology replaced the conventional single stage quench -

of the gases with a system incorporating a two-stage quench. The
concept tisli:lvocated the remeoval of particulates and the absorption of
halides and other strong eiectrolytes in a contredied first stage
quench that would condense a small fraction of the water wvapor
mnta‘ine&_l in the product gas. The Yow volume primary condensate
would he_‘_;purged from the system. 7The major fractien of condensate
cnl]ectgﬂ_}by the second stage quench would be relatively free of
strong eiéctru‘iytes and would be amenable to processing for reuse
without resort to desalination technology. The volatile weak
electroiytes in the secondary condensate would be removed by steam
strippini; and organic substances would be removed by biolegicai
tr'eat.meni‘:'.
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. The two stage quench s;-,rsta-m. holds promise for the improvement of
water rlqa:nagement from coal conversion operations employing wet
c]eanin-;.]_‘Iu_:-f gases. The potential improvement could be manifested
as wat«__&:ﬁ' conservation, energy conservation or conservation of
ecunumié-‘ fesuurces. A proposal for a study to evaluate the concept
for a producer gas installation operating air-blown and oxygen-
bBlown oA Eastern and Western coals was accepted by the Division of
Environmental Control Technology, DOE. |
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3.0 PROJECT DESCRIPTION AND SCOPE (F WORK

The objective of the study was the assessment of the technical,
economic and environmental feasibility of the application of two
stage gas oguenching to a producer gas installation. The study

approach consisted of a comparative analysis of the advantages and
disadvantages of conventicnalt single quenching versus the twe stage
quenching concept for hypothetical gasifier installations.

The gas%fier selected for analysis was modeled after the pressur-
ized, stirred, fixed-bed gasifier of the Morgantown Energy Tech-
nology Center. The hypathetical settings employed Five 304 ton per
day gasifiers for an operational capacity of 1500 tons per day.
Carson City, Nevada was selected as a site representative of a
Western installation amnd Wheeling, West Virginia was selected as a
site representative of an Eastern installation. The study analyzed
air-plown and oxygen-blown gasifier operations on I1linois No. 6
and Montana Rosebud cozls.

The Eastern and Western gasifier settings were selected as analogous
to gasifjcatinn facilities that might be uwtiltized for the supply of
low or medium Btu gas to major industries or industrial complexes
that have Tuel requirements that are not amenablie to direct coeal
firing. Many industrial facilities in the Eastern and Midwestern
inited States are currently operating with interruptahle natural
gas supplies and some industries are threatened with curtailment of
natural gas supply. The gasifier settings were realistic and
practical irasmuch as producer gas can replace natural gas for mast
industrial heating and firing operations with minor modification of
the burner systems.

The selection of the Mergantown Energy Technology Center gasifier
provided the study with an operational data base relative to a
fixed bed gasifier that has a damonstrated capability of being able
to operate on any rank of ceal. It s a fixed ped gasifier with a

A




high carbon conversion efficiency and excellent turndown capabili-
ty. The process falls within the classification of tar producing
coal gasification technology for which there exists some background
of wastewater processing experience. Thus the gasifier was selected
for relevance to the setting and for study credibility.

The selection of sites and gasification sysiem provided the project
definition required to enable the synthesis of comparable water
management s<ituations employing single stage and twe-stage gas
quenching. Sufficient engineering of the systems was performed to
develop water management systems, to predict the performance aof
component processes and to enable the preparation of comparative
estimates of cost. The results obtained were indicative of the
applicability and the relative feasibility of the two stage gas
quench system.

The scope of work required the development of technical reference
information on the systems germane to the study and the application
af thermodynamic analyses for the projection of system performance.
The computer projections were to be coordinated with appropriate
fiald data. An engineering trade-off analysis was to be performed
to provide a comparative technical and economic assessment of
single stage gas quenching versus two stage gas quenching. Alterna-
tive water management systems were to be conceptualized to maximize
practicai reuse of effluent flows so as to minimize blowdown
requiremén;s from the coal conversion systems. Effluent disposal
systems including fueled heat evaporation, evaporation ponds,
storage with barging to sea, and storage with controlled discharge
wera to be conceptualized. Comparative cost estimates were to be
tabulated: for candidate water management alternatives employing
single stage and two stage gas guenching systems. The boundaries
of feasibility of single stage and two stage gas quenching systems
ware 1o b; identified.

—Davy McKee——-— - e
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4.0 METHODS - TECHNICAL AWALYSIS

The study sought analysis of the applicability of a two stage gas
quench system for the improvement of water management from coal
cunversién processes. Fhe study approach employed a comparative
analysis of single quench and two stage gas quench systems attached
tp hypothetical 1500 ton per day producer gas facilities employing
five 300 ton per day fixed-bed gasifiers. The gasifiers were
modeled after the pressurized, stirred, fixed bed gasifier of the
Morgantown Energy Technology Center and were operated air Blown and
oxygen bhlown. Hypothetical gasifier locaticns at Wheeling, West
Virginia and Carson City, Newvada were evaluated to represent Eastern
and Western site situations.

A schematic of & Five gasifier installation with a capacity of 1500
tons of coal per day is given as Figure 4-1. The iltustration is
applicable to both single stage quench and two stage quench gasifi-
cation systems selected for the study. The process flow schematic
for the gas train employing the single stage gas quench is given in
Figure 4-2. A plot plan of the gas plant selected as the single
gquench alternative is given in Figure 4-3. A block diagram is
given as Figure 4-4 that illustrates the water management concept
proposed  far the condensate from the single stage quench
alternative.

The process flow schematic for the gas train employing a two-stage
gas quench is given in Figure 4-5%. A plet plan for the gas plant
selected as the two stage gquench alternative is given in Figure 4-
€. A block diagram is given as Figure 4-7 that illustrates the
water management concept proposed for the condensates from the two
stage quenth alternative. The selection of a definitive hypotheti-
cal gasifier installation, c¢onnected to alternative single stage
quench and two stage quench gas cleaning systems, provided the
basis for an evaluation of the technical and economic feasibility
of the alternatives.

s
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4.1 Gasifier Material and Enerqy Balances

i

The material! and enerqy balance calculations for the proposed
commercial gasifiers are based on the operating data of the Morgan-
town Engrgy Technolegy Center (METC) pilot plant (1)}. I1linois Ne.
& and Montana Rosebud cecals were chosen for the study and both air
Blown and oxygen blown gasifiers were considered. The proximate
analysis'i"w each coal is shown in Yable 4-1.

The overall material and energy balances for the gasifier are shown
in Table 4-2 for the El1linois No. 6 coal and in Table 4-3 fer the
Montana Rosebud.  Energy baTances around the METC pilot plant
gasifier ~indicate heat losses which are approximately 15% of the
tetal heat input. The METC gasifier considered for this study is
specified with a steam jacket and heat losses are 2% of the total
heat input into the gasifier. Because of the reduction in percent-
age of heat lost to the surroundings, modifications in the gasifier
steam requirements were necessary. The steam input reguirements
are less for the steam jacketed case on a per weight of coal basis.
The pred{cted steam reguirements zre very close to steam input data
reported for the Lurgi unit in Westfield, Scottand {2). As a
resylt, the predicted gasification product distribution is based on
both the Lurgi and METC operating data as well as on literature
characteriiing coal properties.

Typical operating conditicns for the METC gasifier are maximum bed
temperatﬁres af 2500°F and outlet gas temperature wvalues between
900°F and 1200°F. The gasifier operating pressure for all the
cases considered was fixed at 103 psia. The product gas flow rates
and compositions were calculated at these conditions for each case
assuming 95% carbon conversion. The quantities of gases and liquids
produced are given in Tables 4-2 and 4-3. The compesitien of the
product gas for each case considered is shown in Tables 4-4 and 4-
5. !

E
1
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Table 4-1; Analysis of Coal Feeds

Montana
I1linois No. 6 Rosebud
Coal Coal
wh. %
C 65.70 =0.56
H 4.80 1.8
5 3.70 1.09
K 1.10 Q.90
Q0 8.04 8.61
(W 0.25 (.03
F 120 ppmw 30 ppmw
Ash 11.20 9.73
HED 5. 20 24.70
100. 00 100.00
Higher Heating
va1ge, Btu/1b 11,756 8,611

ppmy = parts per miliion by weight

ik 3/10
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Table 4-2: Material and Energy Balances for
Gasifier Operation an T1linois Na. & Coal

I1linois No. B Coal, Airblown

heat and sensible heat

. INPUT Million QUTPYT Million
tons/day Btu/day tons/day Btu/day
Coal 1,500 35,2580 Product Gas 7,610
Stean 2,400 5,615 Heat of Combustion 26,499
Air 4,h13 468+ Sensible Heat 9,523
FJ,913 41,333 Tar, 0i1 & Phenols 112 3,70%*
+S5ensible hqul : Dust 15 345*
Ash 176 450*
Steam Jacket &
Heat Losses - g1
7,913 41,333
*Includes heat of combustion, latent
heat and sensible heat
IMinpis Ho. & Coal, Oxygen Blown
INPUT © Millien OUTPUT Miilion
tons/day Btu/day tons/day Btu/day
Euai 1,500 32,250 PFroduct Gas 5,383
Steam . 3,300 7,720 Heat of Combustion 26,930
a, 886 93+ Sensible Heat 10,822
5,686 43,063 Tar, 0i1 & Phenols 112 3,705*
-+5ensible heat Dust 15 345*
Ash ' 176 450%*
Steam Jacket & )
Heat Losses - 811
' 5,686 43,063
*Inciuydes heat of combustion, latent
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Table 4-3: Material and Energy Balances for
OJperatian an Montana Rosebud Coal

Mantana Rosebud Coal, Airblown

INPUT Mill{ion OUTPUT Million
tons/day Btu/day tons/day Btu/day
Coal 1,500 2h B33 Product Gas 4. 5965
Steam 900 2,105 Heat of Combustion 18,400
ﬁir 2 B33 330+ Sensible Heat 5.121
5,233 28, 268 Tar, i1 & Fhenols 104 3.01*
+$ensible heat Dust 15 281
Ash 145 382*%
Steam Jacket &
Heat Losses - A73
5,233 28,268
*Includes heat af combustion, latent
heat and sensible heat
Montana Rosebud Coal, Oxygen Blown
ENPUT Miiticn OUTPUT Million
tons/day Btu/day tons/day Btusday
Coal 1,500 25,8133 Product Gas 3,333
Steam 1,500 3,509 Heat of Combustion 19,00%
Gz _61 64+ Sensible Heat 5,648
3,671 29,406 Tar, 0i1 & Phenols 104 3,51*
+Sensible heat Dust 15 ZB1*
Ash 176 282
Steam Jacket &
Heat Losses - 573*
3,811 29,406
*IncYudes heat of combustion, latent

heat and sensible heat

T
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Of particular interest Tor purpeses af this study, are the concen-
tration levels of halides in the product stream. Examination of
Tables 4-4 and 4-5 reveals that the concentration of hydrogen-
chloride in the product gases is much higher for the I17ingis Ho. &
case than the Montana Rosebud case. When considering the concentra-
tion of hydrogen fluorides in the product gases, higher values are
also derived frem the Illinois Mo. & cpal. One should note that
the difference i3 nat an order of magnitude in value as it iz for
hydregen chloride. It should also be noted that for each case the
hatide concentration in the outlet gas is higher for the oxygen
blown case than the air Blown case. This reflects the presence of
nitrogen in product gases from air bliown gasifiers.

Other contaminants alse play a role in the design of the gas quench
stage. It can be seen that appreciabte quantities of ammopia and
hydrogen c¢yanide are present in the outlet gas stream for both
ceals. Su'fur compounds {HES‘ £05) can also be found in substantial
quantities and cencentratien Jevels in the product gases. Concan-
trations of sulfur compounds are at least twice as great for the
high su}fur containing Il1linois No. b coal as for the Montana
Rosebud coal.

Procass ﬁesign of the Gas Cleaning Systems

Procass ﬁesign schemes were prepared for the single stage quench
system (Fig. 4-2) and the two stage quench system (Fig. 4-5}. It
was assumed that each of the five qgasifiers would feed inte a
separate gas treating train.  This was done in anticipation of
periedic system shutdowns for system maintenance. With five trains,
any one gasifier could be shutdown without interrupting operation
of the other units. The only gas ¢lean-up unit servicing full flow
fram al) the gasifiers would be the electrostatic precipitataor.

m-hﬁ-
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Table 4~4:

Producer OFf Gas Analysis -

Tlinois No. 6 En;]

Air Blown

Wet Dry
Gas Gas
gﬂz 9.56 13.79
Co 9.90 14.30
H, 15.01 21.67
H,0 30.73 -
L‘_:Hq 1.59 2.29
QEHE 0.14 0.20
HZS + €05 0.47 0.68
ﬂz + A 32.38 46,75
|'~_IH3 0.17 0.25
HC1 311 ppmv 449 pomy
HF 28 ppmy 4D ppmv
HCH 173 ppav 280 ppmv
i 100 00 100. 00
Higher Heating
Yalue, Btussct 2.8 TAR. 6
Gas Qutlet
Temperature °F 1050
Operating
Pressure psia 103
Gas Flow, }
scim 178840

5;eam fed to the gasifier € 110 psi, 350°F

Oxygen Blown

Wet Dry
Gas Gas
13.28 28 74
g.493 21.49
18.96 41.03
5380 -
2.74 5.93
0.17 0.37
(.88 1.26
0.27 0.59
0.21 0.46

383 ppmv B29 ppmv
34 ppmv 74 ppmy

214 ppmv 0.05

100. 00 100. 00

128.9 279.0

1070

103

145100

Y
B+t Hd

314
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Table 4-5;

Montana Rosebud Coal

Producer Qff Gas Analysis -

Air Blown Oxygen 8lown
Wet Ory Wet Ory
Gas Gas Gas Gas

Eﬁz n.7e 14.B8B 17.38 30.76
Co 11.88 15.08 11.59 21.24
HE 16.32 20,71 22.80 40. 41
Hzﬂ 2%.23 - 43.56 -
EH4 1.69 2.4 3.07 5.43
CzHﬁ 0.17 0.27 (.22 0.38
st + (05 0.22 0.28 6.28 0.50
H2 + A 36.47 46. 31 0.33 0.58
H'H3 0.27 0.35 0.35 0.62
HL] &0 ppmy 76 ppmy 77 ppmv 136 ppmy
HF 11 ppmv 14 ppmy 14 ppmy 26 ppmv
HCH 272 ppmy 345 ppmy 348 ppmv 617 ppmv

100. 00 100. 00 100. 00 100. 00
Higher Heating
Value, Btu/scf 114.0 144. 8 151.0 267.6
Gas Qutlet
Temperature °F 1050 1040
Operating
Pressure psia 103 103
Qas Flow,
scfm 112100 87400
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In each processing scheme considered, the product gases Tirst enter
a tar removal unit and then a waste heat recovery system. Following
this, the gas enters a venturi scrubber at 400°F and 95 psia. The
gas is cooled as it undergoes clese turbulent contact with water
recycied from a decanter.

At this point the gas and guench water are assumed to be at their
adiabatic saturatfon temperature {about 290°F}. The mixture then
enters a kﬁuckaut grum in which it is dewatered. The tar, oil,
s0lids and water are drained from the kneckoul drum into a decanter
for separation. The gaseous products pass through the knockout
drum and beyand this paint, the proacessing scheme differs for the
single quench and two stage quench gas cleaning systems considered.

Single Quench Gas Cleaning System

In the single stage guench gas cleaning system, illustrated in
Figure 4=7, a countercurrent spray cooler (T-101) condenses most
of the water vapor contained in the product gas stream. The gas
then leaves the countercurvent spray cooler at a temperature of
110°F. The Tiquid stream exits the bottom of the spray cooler
at a temperature of 130°F. Some light o0ils which remain in the
vapor state at the 290°F exit temperature of the venturi scrubber
are Condensed in the spray cooler and are removed with the
condensed phase. In addition to light oils, residual particulate
matter is alsc removed in this effluent stream. This emulsion
and any contained particulate matter enters a decanter unit {D-
102} along with the liquid effluent discharged from the knockout
drum {0-101). The gas stream leaving the spray cooler is sent
to an éIectrnstatic precipitator (X-102). This unit is designed
to remove water and tar mists, as well as any entrained parti-
culates contained in the product gas streams coming from al)
five gaéifiers.

I A
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The mixture in the decanter is separated into a water fraction
and 5 waste fraction ceonsisting of tar, oil and solids. The
water stream from the decanter is racyclad as cooling water to
the spray cocler and venturi scrubber by means of a quench
water pump {P-101 A/B). The water recycled to the spray cooler
is cooled to 105°F in a heat exchanger (E-7101} unit contained
in the recirculation loop. The tars, o¢ils and solids are
removed from the decanter in a separate stream and ave dis-
charged to disposal.

Any accumulation of condensate in the decanter is bled off and
sent to a flash drum (D-104). The flash drum is operated at a
reduced pressure which results in the evolution of gases dis-
solved in the condensate. The gases coming off the flash drum
are sent to the acid gas compresser and combined with the
product gas stream coming from the electrostatic precipitator.
This gas then undergees desulfurization in a conventional
Stretford plant.

The Tiquid stream coming off the flash druem is sent to a waste-
water storage tank (D-201) where it is held for further process-
ing. Additional required treatment consists of steam stripping
the Flash drum gffluent in the stripper-reboiler unit {E-202).
This is done to remove HH3, HCH, CDZ‘ and HZS‘ S5odium hydroxide
is added to the stripper to free fixed ammonia.

The bottoms from the stripper column are removed and used to
preheat the stripper feed in the wastewater preheater {E-201).
The effluent is then treated for the removal of cyanides, thio-
cyanates, phenols and other organics as per Figure 4-4. This
is accomplished by employing the activated sludge process. The
efflvent is then filtered by granular media filtration for
capturg of fugitive suspended s501ids.
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Description of Twg Stage Quench Cleaning System

The process scheme for the two stage quench system s very
similar to that of the single stage system. The propesed two
stage'ﬁuench system consists of an absarbing column and a spray
cooler connected in series as per Figure 4-5 and each of these
units is followed by a separate wastewater treatment train.
Separqpé wastewater processing trains are necessary to isolate
the high halide containing effluent from the reuseable low
halide containing effluent as il1lustrated in Figure 4-7.

As in the single stage quench process, the effluent stream from
the venturi scrubber enters a knockout drum {(D-101) where it is
dewatéred. The gas stream then enters a sieve tray absorber {T-
101) rather than a spray cooler as in the single stage guench
system. The absorber column provides the means for attainment
of equi]ibrium between gaseous and liquid phases at minimal
condensation rates. This procedure produces a low volume flow
of condensate having a high halide content. An efficient mist
eliminator is incorporated in the absorber.

The absprber column £T-101) has been designed to condense from 5
to A0 percent of the water vapor that is contained in the venturi
serubber effluent gas stream. As shown in the absorber control
scheme, Figure 4-8, the condensation rate in the absorber is
fixed by means of a set point controller according to prevailing
gasifier operating conditions.

The high halide condensate stream from the absorber is circulated
through a wvariable volume decanter unit to separate tar con-
densed from the gas. Any accumulation of water in the decanter
it bled off and cooled to 120°F in the water cooler (E-103).
The stream is sent to an atmaspheric flash deum (D-104) and then

A
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to the high halide wastewater storage facility (0-201). The
remaining decanter water is recycled to the absorber and to the
venturi scrubber after it has been cdoled to approximately 215°F
in the quench water cooler {E-101).

The wastewater contained in the high.ha11de storage tank is pro-
cessed in a manner similar to that described for the single
stage‘ﬁuench system. The capacity requirements for the down-
stream units were smaller for this case since the maximum amount
of condensate to be handled ranged from 5 to 30 percent of the
total amount of water vapor contained in the gasifier preoduct
qas.

The gas and wateé vapor mixture coming off the tap of the absorb-
er coltumn are sent to a spray cooler (T-102). As described for
the single stage quench system, the spray ccoler condenses most
of the water vapor contained in the absorber efflueni gas
stream. The gas stream from the spray cooler is sent to an
electrostatic precipitator (X-120)} for removal of entrained
water, tar and particulate matter. Following this, the gas is
treated in a Stretford desulfurization unit.

The 1iquid effluent coming off the spray caoler is also processed
in much the same way as in the single stage quench process.
Un1ikq the single quench system, the spray cooler condensate
stream contains only a trace guantity of halides. For this
reason, the wastewater can be recycled after treatment for use
in the gasification circuit without going through a desalination
step. The addition of sodium bhydroxide to the stripper <olumn
is necessary for fixed ammonia removal since most strong acids
will he removed in the absorber.

4fig
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First Stage Quench Contral Scheme

Figuré_#—ﬁ is a schematic of the proposed first stage quénch
control system. The first stage quench water cooler is designed
for the gquench water coeling duty necessary to achieve 5 to 30

- percent condensation of water vapor contained in the absorber

inlet ‘gas stream. The rate of condensation is controlled by
adjusting the temperature of the quench water going into the
absorbér, Changes in the temperature of the quench water are
accomplished by adjusting the fraction of quench water that
actuaiiy goes through the quench water coolter ({E-101). The
total quench water flow rate is held constant as well as the
cooling water flow to the exchanger (E-103) and the quench water
flow rate to the venturi scrubber. The contrel scheme consists
af a-feedforward system operating in conjunction with primary
and secondary feedback loops. The primary feedback loop adjusts
the h?éwduwn from the decanter as a function of the level in the
decanter. The secondary feedback loop adjusts the temperature
of thé quench water (i.e. the voluse of condensate produced} as
a fuﬂétiun of the blowdown flow from the decanter. Consequent-
1y, the - average blowdown rate is determined by the set point on
the blowdown ¥low controller. The set point on the blowdown
flow controller is adjusted feedforward from the air/oxygen
input to the gasifier. Thus the control scheme is capable of
delivering a desired unit flow of blowdown from the first stage
quench operation, )

The study also developed an alternate control scheme for the
single stage quench that possesses the attribute of simplicity
but m&y require additional decanter capacity. In the alternate
scheme, the blowdown from the first stage decanter is maintained
at a rate proportional te the air/oxygen feed rate to the gasifi-
er. _Tﬁis provides esseptially a fixed rate of Dlowdown for a
given gasifier production rate,
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The alternate control scheme regulates the temperature of the
quench water with a feedback control loop from the level sensor
in the decanter to the contre) valve on the quench water cooler
bypass line. When the decanter level drops, the control valve
c}oses te send cooler water inte the quench s0 as to condense
more water and thereby fi)l the decanter. When the decanter
level rises, the control valve opens to send warmer water inte
the quench with the result that less water is congensed. Thus
the gperation of the decanter as a variable level device enables
the maintenance of a fixed blowdown rate from the system for a
given gas throughput. Low level and high Jevel override sensors
would be installed in the decanter 16 prevent excessive level
fluctuations.

Design Basis_ for Equipment Commeon to the 5Single Stage Quench
and Two 5tage Quench Systems

Venturi Scrubbers (X-1013) -

All the venturi scrubbers were sized to handle the total amount
of gas flow to the vessel. The gas and water leaving the
vessel weré assumed to be at their adiabatic saturation temper-
ature, Typically, 95 percent of the product gas cooling duty
is pfnuided by wvaperization of the incoming quench water,
Additional cooling is achieved by heating the guench water to
the adiabatic saturation temperature. The venturi scrubbers
were of the variable throat type to provide turndown capabil-
ity. '

Knﬁckqut Crums ¢D-1613}

The knaockout drum was specified to be a vertical, cylindrical
vessel with a tangential inlet nozzle. This norzle configur-
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tar,uni1 and solids from the vapor. The drum's cross-sectional
area is sized on the basis of the required entrainment velocity
and ig calculated using the Souders=Brown expression:

e T p
= 0,157 ‘f L __ ¥
2 p_“_

=
L[]

ve = Design entrainment velocity, ftfsec.

P = Liquid density at conditions, 1b/ft’
PyT Vapor density at conditions, ]ba"ft3

0.157 = Empirical design factor (in-house design

practice), ftfsec

Pumps

All pumps are designed to handle 110 percent of normal 1ow.

Electrostatic Precipitator (X-102)

The electrostatic precipitators were designed to handle the flow
from all five gasifiers and to operate at conditions of 110°F and
95 psia. The inlet particle icading was specified as 5 grainsf’ft3
and the removal efficiency at 99 percent. The unit was specified
Lo cﬂnaist of 300-3" pipes. The electrostatic precipitatnré
were ‘designed for cleaning by solvent and spindle brush, but
extensive fouling from the clean gas is not anticipated (1).

ation provides a cyclone separation effect to separate water,
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Tar Fouling

Fouling of gas ¢leaning equipment by deposition of tar is a
potential problem associated with tar producing ceal conversion
prucesées. The tar handling problem has been investigated 1n
test ﬁuns with the METC pilot plant fixed bed gasifier (1).
The tests with a recycle quench system condensed dry tar at
379°F. The test results reported that tar discharge through
the steam traced tar lock hopper and discharge vaive. was not
difficult. The remaining tar was collected with the quench
water and was delivered to a pressurized decanter that operated
at 120-140°F. The decanter was reported to function efficiently
as a'primary separator of particulate salids and low boiling
tars.

The concepiual ﬁas trains for the protetype single quench and
double quench systems at the present study employed a tar
scrubber to collect high beiling tar prior to heat recovery and
humidification. The high temperature components of the gas
train were insulated to minimize tar daposition on cold syr-
faces. It is recommended that consideration he given in detail-
ed engineering to the provision of a hot tar washout for units
that are indicated as subject te tar fouling. A hot tar washout
has been demonstrated as effective for removal of tar deposits
at by-product coke plants.

Design Basis for Equipment for the Single 5tage Quench
System

Spray Coolers (T-i01) |

It is assumed that the gas leaving the spray cooler will be at
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a temperature of ¥10°F. The total cooling duty of the spray
cooler consists of cooling gas from its inlet temperature to
110°F and condensing the water vapor from the gas stream.’

The spray cooler quench water iemperature was set at 1057 at
the inlet and 130°F at the outlet. These temperatures provide
2 reasonable heat transfer driving force and quench water flow
rate. -

The single stage spray cooler is designed to condense out all
the water wvapor contained in the produci gas. Design equations
for the spray coolers were obtained from an article by Fair

(3).

Tar Water Decanter (D-102)

fhe tar decanter in the single stage quench system is designed
to handle the total flow of recycle and condensables from the
knockout drum and the spray cooler. Decanter wolumes are based
on the ﬁaxiuun water throughput and liguid residence times of 5
minutes. The decanter is to aperate 70 percent full and is
designed to operate at conditions of 180°F and 100 psi.

Flash Brum {0-164)

The fi&sh drum is designed to handle the cundénsdte flow from
all fiye gasifiers. The design temperature and pressure of the
vesse) are 180°F and 20 psig respectively. The volume of the
fTash’drum is determined by the maximum condensate flow expected
and a five minute residence time.

5ingle Stage Quench Waier Cooler {E-101)

The quench water cooler for the single stage quench was designed
on the basis that all the inlet water vapor to the spray cooler

3725



4.2.6

—DavyMcKee

is condensed in that unit. The overall heat transfer coeffic-
ieni.épecified for this unit was 90 Btufhr-ft2-°F. Based on
METC pi#lot plant performance, unmanageable fouling of the heat

exchanger is not anticipated (1).

Design Basis for Equipment for the Two Stage Quench Sysiem

Spréy tooler (T-102%

The design criteria for the two stage guench spray cooler is
based on a 5 percent water vaper candensation in the absorber.
A1l other design criteria are the same as for the single stage
spray. cogler (T-101) except that the gas is somewhat cooler at
the inlet {2BG°F).

Tar ﬂater Decanter {0=102)

This vesse)l is designed to operate at higher temperatures than
the single quench system tar-water decanter since it is down-
stream from the absorber rather than a cooling spray cooler
which condenses and cools the incoming water vapor. The vessel
{5 sized to handle 5 to 30 percent range cof condensation in the
ahsurﬂer. As was the case for the s7ngle stage guench decanter
fesse]!_tnis unit is also designed for a & minute recycle plus
condensate residence time and to operate at 70 percent of total

capacity.

Tar Water Decanter (D-103)

. The désign basit for the second stage decanter is the same as

for the single stage quench system decanter except for the
total volume requirement. 35ince a portion of the water vapor
tontaiped in the product gas is condensed in the absorber, the
capacity requirements are a bit lower for this unit.
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Flash Drums {D-104, D-105)

F1ash.ﬂruu B-104 is sized to handle the high halide condensate
waste stream consisting of up to 30 percent of gas moisture.

F1ash.ﬁrun D-105 ¥s sized to handle the high volume flow of
the reuseable low halide condensate stream.

Heat'Exchangers

First'Stage Quench Water Coojer {E-§01)

The first stage quench water cooler was sized on the basis
that 5 to 30 percent of the water vapor going into the absorber
is to be condensed. The total heat transfer requirement is
that which #s necessary to cool the mixture to its dew point
and to remove the latent heat released by the condensing water
vapor.'.The guench water flow rate to the absorber is fixed to
satisfTy the mass transfer requirements necessary te remove the
ha'lide;t 3ince this cperating parameter is fTixed, ithe quench
water temperature is adjusted to meet the absorber cooling
requirements.

The qﬁench water cooler is a one shell pass, twoc tube pass
unit with the cooling water specified to flow on the shel)
side. An overall heat transfer coefficient was estimated to
e 100 Etufhr-ft2*°F {1). This includes an allowance for
surface fouling on the tube side. Multiple units were speci-
tied. Unmanageable fouling of the heat exchanger is not
anticipated. '

Second Stage Quench Cooler (E-102)

This unit is designed for a cooling duty that is necessary to
condense out all the water vapor contained in the spray cooler

pal
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inlet gas stream when the absorber is operating at 5 percént
condensation,

Cup]iﬁg water i5 assumed to be at 85°F at the exchanger inlet
and #pﬂ“ at the outlet. An averall heat transfer coefficient of
125.51ufhr-ft2-°F was used Lo determine the exchanger surface
area. Unmanageahle fouling of the heat exchanger s net antici-

pated.

Water Cooler E-103

The condensate cocler is sized for 30 percent condensation in
the first stage. This exchanger cools the absorber condensate
down to 180°F to prevent flashing and emulsion formation.

Ahsarbérs {T-101)

The absorption towers remove most of the halides contained in
the intet gas stream with minimal condensation of the water
vapor, The solubilities of HF and especially HC1 are so great
that aimust complete removal from the halides can be expected in
one theoretical stage. For example, at the specified operating
dnnditiuns in the absorber, HF and KC1 have relative votatilities
of ab?ut_1f1ﬂﬂ and 1/100,000 that of HHB respectively. In order
to assume the predicted equilibrium absorption of HL1 and HF,
the number of theoretical trays in the column are determined for

" the ;Esnrptiun of NHE. The thearetical stages were stepped off
on an'X-Y plot for NHy after assuming & reascnable tiquid to gas
vatio (about 6). For all column designs, 3 to 4 theoretical
trays. were required to achieve thorough removal of NHy.  An
uvera1] tray efficiency of 50% was used in determining ihe
number of actual trays.
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The solubility of ammonia in the condensate, or X-Y plot, was
developed using the computer program described in Section 4.3.2
by varying the concentration of ammenia over the narrow range of
interest while hotding all other component concentrations con-
stant.

The qpsurbers were designed for 5 percent condensation in the
first stage guench which resulted in the highest liguid and
vapor loadings. Absorber trays were specified to be the sieve
tray type. The column diameter was based on the equation given
in the F.R.I. manual (4).

Method fer Calculating the Quench Unit Material Balances

Material balances for the gas cleaning systems were analyzed for
four producer gas compositions derived from the gasification of
IMiineis Mo, & and Hontana Resebud coals with air or oxygen. All
of the gas compositions were considered for the design of both the
two stage and single stage guench gas cleaning systems. For the
two Etagé quench design, 5, k0, 20 and 30 percent condensation was
considered in the absarber to determine the effect of the amount of
condensation on the removal of halides. In each of {he proposed
designs, the gas sent to the electrostatic precipitater is at a
temperature of 110°F.

Thepretical Basis for the Material Balance Calculations

The aguecus solution in the quench unit contains a variety of
nolecular and ionic species. The molecular species considered
in thg computer program used in this study were HH3, Cﬂz, HZS’
HCH, HC1 and HF. This system i3 similar to the weak electrolytic
solution modeled by Edwards (5) for prediction of vapor-liquid
equilibriuvm. In the study by Edwards, a computer program (WAVES)
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was written for computation of the wvapor phase composition based
on knowledge of the ligquid phase composition for the systen
described. The model proposed by Edwards yields satisfactory
resuits for the temperature range 0 to 100° and for weak elec-
trolyte concentrations not exceeding twoe molal.  Since the
guench units in the two gas cleaning systems considered operate
apove’ 100°C, modifications were necessary in the WAVES program
to adapt it to this study. Also, since sulfur dioxide does not
exist1}n the proposed procass, it was eliminated from the pra-
gram. 3Since one of the main ohjectives of this study was to
determine the absovption of HC1 and HF in the condensate, these
malecular species were incorporated into the modified WAVES
program.

To solve a multicomponent vapor-liquid equilibrium problem of
this type, four different sets of equations must be solved
simultanecusly as described by Edwards. Thesa include component
material balances, a liguid phase charge balance, chemical
equilibria, and phase equilibria. For the ligquid phase, seven-
teen Fhemica1 tpecies are considered in adﬂjtinn to Hzﬂ: HH3
(Rotecular), NHy, €O, (motecular), HCOZ, €O3, H,S (molecular),
S, §, HON (molecular), CN , HC) (molecular}, CU, HF (molec-
ular), F, m-lzi:uu', H", OW. The vapor phase containg molecular
NH,, Eﬂz,

HES. HCH, HC1, HF and HEU‘ Vapar phase dissociation
of these compounds is not considered since it requires substan-
tially higher temperatures. The vapor phase also contains other
products of gasification which contribute to the total system
pressure; as a simplifying assumption, these other constituents
arge considered to be inert and not to enter into the liquid

phase,

Material balances can he written for each of the molecular
species in the liquid phase.

1)
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Y -

Ny = By * Man * M coo (M
3 4 2
cn = n -+ T o m = + - {2)
2 co, “ch3 o, ~ NH,C00

Hzﬁ = “HZS + Nuc + L {3}
HCH = Muen * Men {4}
HC1 = Maeq * Mo {5)
HF = M * me {8)

The bracketed species represent the total molality of each
molecular component in the liguid phase; and me, m, and a,_
represent the molecular concentration of each particular form of
the species present in the 1iquid phase.

The second characteristic phenomenon of the system requires
electroneutrality of the ligquid phase. The total negative
charge and positive charge for the jonic species in the quench
unit tiguid phase must satisfy the following equation:

+2m_ +m +

* =
mHH4 ML TP “ch3 * 2"‘cn3 LT g * Moy * Mpy

(7}

Each one of these molecular species and water contribute to the
overall pressure of the quench wnits {spray cooler or absorber],
The ienic species in the liguid phase <o not exert a vapor
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pressure but do affect the partial pressures exerted by the
molecular components in the ligquid phase. Since the donic
species do not exert a vapor pressure, it is necessary Lo know Lo
what extent each molecular species dissociates in the liguid
phase. The chemical equilibrium betiween the dissociated and
undissociated species in the liguid phase ¥s sxpressed in terns
of the dissociation equilibrium constant:

oo -
SR

K (8)
NH
3 a
A,
(Byn Ma, ")
K = _HCO;™H (9)
€0, o
2
- (aCDz){aH+)
“uea, = _3 (10)
a
HCO,
- +
s = (a4 Xay) On
a
H,5
K - (agay) €(12)
KS .
35
K = (ag " 13)
H
- +
Hyer = (3 Mgy (14)
Iucy

4/32




—Davy McKee

_ {ag May)
EHF = F H {15}

L Aagen Mag, )
- l-IIE(]3 HHE- (16)

KHHZCDD

a
HHZCUU

Cay )Cagy ) an

3
HZD

-
f

H,0

where a. represents the activity of species i and is assumed to
be 1 for qu, Ionization constants as a Ffunction of temperature
for hydrogen chioride and hydrogen fiuveride weve obtained from
Clark {6} and data for other species was taken from Edwards,

Mourer, Newman and Prausnitz {7).

The activity of species i, {31], is related to its molality {mi),
through the activ%ty coefficient (Ti):

where Y. = 1 as £ n * 0, and subscript j refers to all
solute species. The activity coefficient of each species in
the liguid phase s obtained from the .following expression

based on the extended Debye-Huckel Theory (6) (B):

, -
al;” y1 Y_—131

= £ _EBE. M
s LR IR
where:
W = Represents water
a = Debye=-Hucke) proportionality factor
I, = lonic charge of species i
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Specific interaction parameter for species i and k
Molality species k

[onic strength of so0lution defined by:

(!

I

k
k
)

i

b
1l

n
/2 =2 IS m,
= 33

The ik term represents the short range {van der Waals} inter-
actions between species i and k. These interactions are divided
inte three classes: moiecuwle-molecule, molecule-ion, and fon-
jon. Interaction parameters for the species resuliing from HH3.
Eﬂz, HZS’ and HCN were obtained from Edward's program. The fon-
ion interaction parameter for C1 and F were obtained from an
article by Bromley ¢9). Due to a Jlack of information, the

HC1 and HF were set equal to Zero,

Equilibrium between the vapor and liquid phase for the solutes
can be expressed by the following equation:

‘raEaF = ma*raHa

_phase mele fraction, P is the total system pressure, m, is the
molality, Yq is the activity coefficient, and Hﬂ is Henry's

units, it was assumed that the fugacity coefficient, ﬁa was
egual to gne.

phase do not contribute to the vapor pressure of the undissoci-
ated electrolytes. For this reason, the vapor-liquid equilibrium
expression s written only for the molecular form of the species
considered. Thus, the following equations completely describe
the vapor-liquid equilitria for the elecirolytic species con-
sidered:

molecule-molecule and molecule-ion interacticn parameters for:

where Ea ts the molecular fugacity coefficient, Ta is the vapor -

constant. For typical operating conditions for the quench

The dissociated forms of the weak eltectrolytes in the liquid
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Pop = @ HHH3 (18}
P = me Y. H (19)
o, co, oo, co,

P = ¥ H {20}
H,5 "H,,5 Hy$ "H,S ,

Puchk = Maen Yhew Mhew (21}
Puct = ™ic1 Yot Phoo (2)
PHE T "we Yhe M (23)

Henry's constants as a function of temperature for equations
(18) through {23) were obtained from the literature (73}.

Partial vyapor pressure for agueous hydrogen chloride soluticens
were fLaken from the literature (10). 4ising the fionization
constant of HC1 and calculating the mean ionic activity coeffic-
ient {vy #) by a method described by Bromley (%), the wapor
prassure of HC1 was correlated to the melecular {(non-ionized)
cnncentrqtiun of HC1 in the liquid as a functicn of temperature.
This molecular Henry's constant for HC) was developed for the
temperatqre range of about 0%-150°C.

Partial vapor pressures for aqueous hydragen fluoride were also
found from the 1iterature {11). The melecular Henry's constant
for HF was developed for the temperature range of about 0% 1o
150°C by using the ionization canstant and caleulating rt.

$ince water exists as the principal process component, even in
the concertrated electrolyte selution exiting the absorber, it
was assumed that 1iquid phase non-ideality effects on the partial
pressure of water are small. For this reason, Raoult's Law was
used rather than Henry's Law to express the partial pressure of
the water present in the liquid phase. Accerding to Raoculi's
Law, the partial pressure of water {Pﬂéﬁ} may be expressed as;
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H. O H,0 H,G

.where X
HED

PHED vapor pressure of water

., Additional complexity is introduced into the system due tu.the
presence of tars and phenols. The guantity of tar present in
each guench was determined from distillation curves of a stored
tar mixture (12). The molecular weight of the tar was taken
from 5 typical tar analysis (12). It was assumed that the tar
exists as a separate liguid rather than as an emulsion with the
condensed water. '

Calculations were dane to determine the amount of phencl present
in the organic liquids, the water condensate, and in the wvapor
phase. These calculations were based on the tatal number of
moles of condensed tar, the dissociation censtant for phenol,
Henry's constant for phenol at system temperature, the hydrogen
jon cnﬁcentration, the total amouni of liguid water present, the
total number of moles in the vapor phase ant the total system
pressure. The ienizatien constant for phenol and the phgnol-
water vapor pressure data were found #n the literatura (13, 14,

- 15). - A molecular form of Henry's constant was developed for
phenol for the temperature range D to 150°C based on these data.

No attempt was made to estimate the degree to which the organic
liquid phase forms an emulsion with the water phase. It was
assumed that the organic tiquid and water layers existed as
separate fluids fn the guench units, )

moie fraction of HEG in the liquid phase
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Computer Algorithm for Executing the Material Balance
Calculations

hs mentioned in Saction 4.3.1, severzl wmodifications in the
WAVES computer program were necessary to improve convergence and
to more closely simulate the environment of fthe guench units.
Other changes were necessary besides the addition of components
HC1 and HF and the removal of 5ﬂ2+ Correlations were developed
for the tonization constants and Henry's constants for a temper-
ature range of 0° to 170°C. This was necessary since the sper-
ating temperature of the quench units exceeded the ¢ to 100°C
temperature range which the ¢onstants had been correlated for in

the original program.

Alse included in the medified WAVES program were corvelations to
account for the vapor-liquid equilibria exhibited by phenols and
tars over this temperature range.

Equations (7)) through {23}, plus associated expressions for
activity cocefficients, comprised the 34 independent equations
necessary to solve the molality and activity of each species in
the liquid phase for a known vapor phase. If the total molaltity
of the liquid phase is known and the vapor phase is to be caleu-
lated, then equations (18} through {23} are replaced by equations
(1) through {&}.

The computer algorithm block diagram #s shown in Figure 4-9. As
shown in the flow chart, the reguired computer input includes:
system temperature and pressure, total moles in the gas phase
after absorption, weight of water in the 1iquid phase, and total
nales of MHQ, EDZ‘ H35, HCN, HC1 and HF before absorption. From
this input, the equilibvium liquid and vapor split of esach com-
ponent was computed. With this information, the mole fraction
of water ih the liguid phase was calcuTated.
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{ine 'm_ay refer to Figure 4-% to follow the technigue used to
solve the given set of equations. ﬂ]i of the ionic species in
the'charge balance equation (Eq. 7) can be expressed in terms of
the hydregen ijon concentration My s the fonization and Henry's
constants, the partial pressures and activity coefficients aof
the pertinent moiecular species. This results in a cubic equa-
tion in terms of the hydrogen ion concentration. For a given
temperature, ionization and Henry's constants are calculated
using the proper correlations. Ipitial estimates of partial
pressures are given and activity coefficients are initially set
equal to one. Using a Mewton=Raphson convergence technique, the
hydrogen ion corcentration is determined. From this hydrogen
ion concentration, all activity ceefficients and partial pres-
sures are evaluated. The partial pressures are determined by an
expression based on the total moles of each component existing
in each phase, the total pressure of the system, the total mcles
in the gas phases, and the total water in the ligquid phase (all
of these are specified as computer input). The newly evaluated
activity coefficients and partia} pressures are substituted back
inte the cubic equation for recalculation of the hydrogen ian
concentration. The iteration process is continuad until comnver-
gence of the partial pressure values is attained.

4.4 Eﬂﬁineering af Condensate Stripper Modules

4.4.1 Uescription of the 3ingle Stage Quench Wastewater Stripper
(Cases LI & IV)
The ﬁutal condensate output from all five gasifiers is collected
in the wastewater storage tank (D-201). As shown in Figure 4-10
the condensate is5 pumped through -a preheater {(E-201) before
entering the stripper column {T-102).
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FIGURE 4-10 CONDENSATE STRIPPER — SINGLE STAGE QUENCH SYSTEM
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The condensate entering the stripping column contains a con-
siderable amount of volatile acid gases. These contaminants are
removed from the condensate stream as it passes down the column
an¢ makes c¢ontact with a counter-current flow of steam. The
stripping steam it provided by wvaporizing a porticn of the
wastewater with the wastewater stripper rebeiler {E-202). At
some peint in the column, the acid gases are reduced to a concen-
tration such that the ammonia wmay be removed by the addition of
caustic, The tray at which injection of caustic takes place was
determined by equilibrium calculations dene for the column.

By the time the wastewater stream leaves the stripper, the
ammonia and other contaminant concentration levels have been
reduced substantiatly. Estimates of these concentrations are
shown in the condensate stripper result section. The stripped
wastewater stream is then sent to a heat exchanger (E-201) to
preheat the incoming condensate. Following this, the wastewater
undergoes further pracessing in the biological treatment plant.

The vapor composition leaving the stripping column passes through

. an overhead condenser {E-203) to remove the water vapor. This

condensate stream, concentrated with NH EGE and HZS’ is re-

3!
cycled to the feed tray of ithe column. The vapors leaving the
reflux drum {0-203) are sent to a compressor where they are
compressed and injected back into the gas product stream lteaving

the electrostatic precipitator,

Description of the Two 5tage Quench Wasiewater Stripper
(Cases | & I1)

The wastewater stripper processing scheme {see Fig. &#-11) for
the two stage quench system is almost identical to that of the
single stage gquench system. The difference being the need for
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-« FIGURE 4-11 CONDENSATE STRIPPERS — TWO STAGE QUENCH SYSTEM
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two process units; one stripper column to handle the high halide
condensate and the other to handle the Jow halide condensate
stream. One additicnal difference arises in the low halide
condensate stripper unit. Based on prediction of acid concen-
trations in the second stage condensate, it appears that the
injection of caustic fs not necessary for the lTow halide waste-
water stripper.

4.4.3 Wastewater Stripper Desiqgn

The wastewater stripper column design for the single stage
quench process was based on the total condensate flow from the
five gasifiers. For the case of the twoe stage quench system,
the high halide wastewater stripper design was based on 10
percent condensation in the first stage quench. The law halide
wastewater scrubber design was based on the condensate flow from
the second stage quench when 3 percent ¢ondensation takes place
in the first stage quench.

Based on similar stripper designs, 0.12 pounds of stripping
steam per pound of wastewater feed was wsed for all the stripper
designs, The i{otal steam demand for the stripper column was
determined by the stripping steam and heating steam require-
ments. Yhe heating steam requirements were based on the amount
of preheating necessary to raise the column feed to the cperating
temperature of the feed tray. The column feed includes the
wastewater feed and the reflux. It assumed that all of the
heating steam condenses on the feed fray. Thus, the liquid flow
down the column consists of the wastewater eed, the reflux
stream, and the condensed heating steanm.

Column diameters for the stripper were sized based on the sieve
tray correlation given in the F.R.I. manual {4}, The overhead
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condenser pressure of all strippers was set at 18 psia and 0.2
psi pressure drop per theoretical tray was assumed. For each
design, a 60 percent tray efficiency was used based on sieve
tray efficiency correlations (4} and other sourtes as part of
the design bases, tray temperatures were assumed to be that of
saturated steam at the prevailing pressure.

To specify the stripper design requirements, a different version
of the modified WAVES computer program is used. With the modifi-
ed version, the vapor phase is specified and the composition of
the carresponding liquid phase is predicted. In determining the
specificatfons far the stripper units, the following constraintis
are assumed for the stripper bottom contaminants:

HH3 < B0 PPM
H 9 5 ¢« 5 PPM .
HGN <« 2 PPH

Knowing this, the total number of moles of NH, Cﬂz. HyS and HCN
feaving the reflux drum were estimated by means of a component
balance. The operating conditions of the reflux were set at
V176°F and 17 psia so that most of the water vapor ¢ondensed out
af the overhead. The ameunt of liquid water in the reflux drum
and water vapor leaving the drum were determined from the strip-
ping steam rate, moles of tH,, L‘DE, HES, and HCH leaving as
vapor, vapor pressure of water at 170°F, and total system pres-
sure of 17 psta. The computer program was used to predict the
equilibrium concentrations of W, EUE, H,5, and HCN in the
reflut for the vapor leaving the reflux deum.

The sum of the reflux drum wvapor stream components and the
liquid effluent stream cemponents comprise the overhead vapor
stream from the stripper c¢olumn. The wastewater feed stream to

Fln
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the stripper and the stripper veflux stream constitute the total
inputlfluw to the stripper feed tray. Using this information, a
component balance was calculated for the feed tray to determine
the composition ﬁf the vapor coming from the second tray. Know-
ing the vaper composition, the composition of the Yiguid stream
Jeaving the second tray was determined by using the vapor-liquid
equiligrium computer program. A& component balance was then
calculated for the second tray toc determine the composition of
the vapoer entering the second tray. The equilibrium calculation
was repeated for this tray and the compesitiem of the liquid
leaving the tray was determined. This procedure continued until
the composition of the liguid preduct stream from any given tray
met the constraints initially set in the prdgram,

Tray-by-tray calculations were dene for one low halide and one
high halide stripper based on the condensate obtained from the
IMTinois No. & case - air blown, The condensate properties of
all other cases were similar enough that additional tray-by-tray
calculations were not necessary.

Design Basis fer Equipment

Stnragé Tanks {Hastewater D=-201, D-204; Caustic D-202)

A1l wastewater stroage tanks were sized for a 16 hour capacity.
The caustic storage tank was sized for a 30 day supply of a 20

‘weight percent caustic solution.

Pumps

Wastewater Feed Pumps P-201A/B, P-205A/8B
Stripper Bottoms Pumps P=204A/8, P-205A/8
Caustic Addition Pump P-202A/B
Reflux Pumps P-203A/B, P-206A/B
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A1) pumps contained in the stripper section were sized for 110%
of normal flow and each pump was specifiaed with a spare.

Centrifugal Compressors

A two-stage centrifugal compressor complete with 2 cooling unit
after the first stage was specified to handle all the wvapors
coming from the stripper refiux drum. The unit is designed to
compress the vapors from 17 psia to 75 psia fer injection into
the gas product line.

Reflux Orums (D-203, D-205)

All reflux drums were specified to be horizontal and to have a
five minute liquid residence time at operating cenditions of
one~half full.

Heat Exchangers

Stripper Column Preheaters (E+201, F~204)

The feed preheaters for the low halide wastewater stripper feed
stream (E~204) and the single stage quench stripper feed stream
{(E-201) are designed to recover heat from the stripper bottoms
stream. The wastewater feed is heated from about 1I10°F to 210°F

as the stripper bottoms are cooled from about 236°F to Y30°F.

The high halide wastewater preheater {E-201} was also designed
to recover heat from the stripper bottoms stream. The high
halide feed is preheated from about t70°F ta 210°F as the strip=
per bottams are cooled from about 235°F to 190°F.
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The first two exchangers mentioned {(E-204, E-201) were specified
te be one shell pass two-tube pass types, and five exchangers in
series wera used to prevent temperature crossing. For the third
exchangar mentioned (E-201} two exchangers were connected in
series to prevent temperature crossing. For all the preheater
designs, the surface area was determined on the basis of a 100
Btu/hr ft2°F heat transfer coefficient. Ffor each case, the
bottoms Tiquid was specified to be on the shell side.

Reboilars (E-2Z02, E-Z20%)

All the stripper reboilers were specified as the vertical
thermosyphon type. It was assumed that 50 psig saturated steam
would be available. An overall heat transfer coefficient of 200
Btu/hr Ft2°F was used for determining the gverall heat transfer
area,

Overhead Condensers {E-203, E-206)

The overhead condensers were designed to partially condense and
cool the stripper overhead vapors from about 212°F to 170°%F. A
one shell pass-two tube pass exchanger was specified with a2 heat
transfer coefficient of 150 Btu/br ft2°F for determining the
surface area. Cooling water s contained on the shell side with
an inlet temperature of A5°F and an outlet temperature of
110°F.

4.5 Qesulfurization and Utilities

All gasifier alternatives were presumed to employ a Stretford p]anf
for desulfurization of the cocled gas. The Stretford plant provided
for hydrolysis of CO% and provided for containment of purges from
the cyanide scrubber and from the sulfide oxidizer (sorbent).
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4.6 Activated Sludge

A wastewater traatment concepl was developed to binlogically treat
the bottoms from the ammonia stripper by the activated sludge
process. . The process flowsheet illustrated in Figure 11-B7 {S5ec-
tion 11;_ﬁppendix B) included storage of inflow, ceoling, aeration,
settling and dual media filtration. The food to microorganism
ratio was (.05 pounds of phenol per day per pound of mixed liquor
vulatile:.suspended 50]ids. The aesration tank temperature was
uaintaiq;d between 75 and 90°F. Excess studge from the bio-
reactorsljhnd solids fTrom filter backwash were concentrated by
dissolved air flotation prior to dewatering on belt presses. The
pressed sludge cake was spread on the coal piie for feed to the
gasifier. The performance of the activated sludge plant was
estimated from correlaticns with waste treatment results at coke
plants and gasification plants.

Levels af hydrogen sulfide and phenol in activated sludge effluent
were taken as 0.Y mg/)1 based on representative process performance
at coke plants. Frocess performance is less predictable in regard
to cyanide and thiocyanate. For cyanide inputs of over 2.0 mg/l,
effluent residuals were taken as 2.0 percent of input values or 0.7
mgsl, whichever was higher. For cyanide inputs of less than 2.0
mg/1, effluent residuals were taken as 70 percent of input values
or 0.2 mg/l, whichever was higher. Effluent thiocyanate residuals
were estimated as 10 mg/1 fer input Jevels above 50 mg/1. For
Thput Tevels of less than 50 mg/1, effluent thiocyanate levels were
estimated as 20 percent of input values or 2.0 mg/1, whichever was
higher. ~ Sulfur in converted hydrogen sulfide and converted thic-
cyanate was assumed to report to the effluent as sulfate.

The fate bf ammonia in biolegical treatment is difficult to evalu-
ate because it may be generated in the process and there are
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several pathways by which it may-leave the nrocess. Same ammonia
is converted to organic nitrogen as a component of cellular growth.
~Thiocyanate, cyanide or amines may be degraded with release of
ammonia to the mixed liguor. Some ‘ammonia will be volatilized and
escape with the offgases. Ammonia may undergo nitrification and
oxidized -nitrﬂgen may underge denitrification with release of
nitrogen to the of fgases.
For purposes of performance praojection it was assumed that the
annonia synthesized to organic nitrogen was eguivalent tao 0.014
times the phenol in the feed {16). & 20 percent VYoss of residual
free ammonfa to nitrification or to volatilization was assumed. In
addition it was assumed that 70 mole percent of the thiocyanate
degraded was recovered as ammonia. The relaticn for estimation of
effluent ammonia became:

Effluent HH3 = 0.8 (Influent NH
+ 0.21 (50N deqgraded)

3" 0.0%4 x phenol}

4.7 Disposal Concepts

4.7.1 3Store_and Discharge

A concept was prepared to receive treated effluent from the
activated sludge process for disposal by store and discharge.
The store and discharge concept illustrated in Figure 11-C1
{Section 11, Appendix C) provided for storage of the waste in
lined lagoons for a peried of up to 4 months so as to enable
avoidance of discharge during periods of low flow or when the
chlovide concentration in the receiving stream was ahove 250
mg/1. The concept would be inapplicable in the area of the
Carson City site and would be of uncertain appiicability at the
Wheeling site - depending upon regulatory negotiations.
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Store and Barge

A concept was prepared to receive treated effluent from the
activated sludge process for disposal by store and barging. The
concept illustrated in Figure 11-D1 (Section 11, Appendix D)
provided for storage of the waste in lined steel tankage for a2
period of up to 28 days to accommodate barge scheduling during
worst conditions. The barge would transport the waste from the
Wheeling site downriver to the open sea for disposal. Although
the disposal methed is favored by logic, the applicabiiity of
the concept would be conditional to regulatory negatiations.
The concept would be inapplicable to Carson City.

Deep Well Injectian

A discharge cencept was prepared for treated activated sludge
effluent that featured storage, filtration and deep well in-
jection. Ffrom the geological standpoint it was determiped that
the concept is more applicable to the Wheeling area than to the
Carson City area. The applicability of the concept would be
subject to¢ regulatory negotiation. The study determined that
representative cost estimates were unobtainable, thervefore, the
ecanomic evaluation of the concept was discarded.

Pond Evaporation

A concept was prepared fTor disposal of treated activated sludge
effluent in the Carson City area by pond evaporation. Disposal
by pond evaporation is infeasible in the Wheeling area. The
Ctimate Atlas of the U.5. reports for the Carson City area in
annual take evaporation of 40 inches and an annual precipitation
of 8.43 inches for a net evaporation of 40-5.43=31.6 inches par
yvear. The evaporation ponds were lined to restrict percelation
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and were designed to provide a net evaporation of 1.2% times the
inflow plus storage for 5 months.

4.7.5 Thermal Evaporation

Evaporation concepts were developed for wastewater concentration
for wastewaler disposal. On concept employed a Y4-effect ver-
tical tube evaporator to concentrate feeds to a battery of 10
percent dissolved salids for disposal.

The second evaporator cencept employed a kettle evaporator to
produce a bottom of 60 percent dissolved solids for feed to a
wastewater incinerator for disposal. The incinerator produced
a dry salt product (ash}.

4.7.6 Reverse Jsmosis

A conceﬁt was prepared to desalinate treated activated sludge
efflvent by reverse osmosis as {illustrated in Figure 711-F1
{Section 171, Appendix F). The concept included storage, chlori-
nation, gartridge filtration, dechlorination, acidification and
menhrang filtration. The performance of the system was esti-
nated f;pm correlation to operating results reported for cocling
tower h]uwduwn {17). The permeate was reused as service water
and the goncentrate was sent to disposal.

Cooling Towers

{oncepts were prepared for evaporative cooling tower systems, The
cooling tower analyses employed a drift loss of 0.01 percent and
took evaporation as 0. 08 percent per °F of range (138).
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The ¢ooling towers were operated in accordance with water quality
criteria that limited hailide lewels te 600 mg/1 as chloride and
total strong electrolyte levels to 1700 mg/1 as sedium chloride.

Water Quality Criteria

The establishment of water guality criteria for coecling system
recycle circuits involves consideration of costs of replacement of
systen cﬁmpunents and materials of fabrication versus costs of
water/blowdown treatment. Consequently definitive criteria appli-
cable te al) situations are unavailable. However, for guideline
pUTpOsES, Ynormal" conditions for cooling tower operation have been
defined as & circulating water with a pH hetween 6 and §, a chloride
content below 750 mg/1 as Nall, a total dissolved solids content
betow 1500 mg/l and a waximum temperature of 130°F (18). In addi-
tien, the water quality criteria presumed adequate water treatment
to ninimizﬁ corrosion and scaling.

Water quality quidelines advanced by Kunz et al (19} for cooling
tower operation specified maximum total dissolved solids at 2500
mg/1 and maximum conductivity as 4000 micromhos/cm. For purposes
of the present study, water quality criteria for cooling tower
circuits were adopted limiting concentration of halides to 600 mg/)
gs chloride and total strong electrolytes to 1700 mg/) as sodium
chloride.

Conling towers and pipe systems designed for sea water service can
accommedate electralyte concentrations up to the point of scaling.
These systems often utilize fiberglass components and polypropylene
fi1l. Metallic components such as heat exchangers would be fabri-
cated in Fitaniun or comparable material.
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Applicable water quality criteria for the Ohio River in the Wheel-
ing area were taken from the amended Stream Quality Criteria
adopted by, the Chio River Valley Water Sanitation Commission on
September 9, 1977. -The following stream quantity limits were
deemed applicable to the evaluation of a store and discharge
concept. | |

pH ' 6 to 9
Dissolved Oxygen 5.0 mg/1
Bissolved solids 500 mgA
Chlorides 250 mg/ 1
Ammonia, un-ionized 0.05% mg/1
Cyanide 0.025 mg/1
Fluoride 1.0

Phenol 0.01

For cuntrol purposes the minimum 7-day flow once in ten years, the
"critical" flow, is taken as 6600 cfs at Wheeiing, West Virginia.

In addition, Pollution Contrel Standard Ho. 1-70 of the Ohio River
{Movember 30, 1970} Valley Water Sanitation Commission specifies a
limiting concentration of 0.2 mg/1 of cyanide in industrial and
domestic effluents.

4 store and discharge concept was deemed infeasible for the farson
City area.

Equalization and Comparative Economic Analvsis

b cost comparison between single and two-stage quench systems was
desired. The cooling tower circuits inm conjunction with water
guality criteria were employed to establish a comparable basis for
a cost gumparisun. The procedure ‘nvolved the use of reveérse

4/53




r—Ravy McKee

osmosis treated activated sludge effluent from single guenching and
activated ?ﬁiudge treated second stage condensate for makeup to
similar cooling tower circuits. The cooling tower circuits were
operated ai the Timits of the water guality criteria (600 wg/)
halides as.C1, or 1700 mg/} total electrolyte as NaCl}). Additiomal
side stream reverse osmosis capacity was added to the lower per-
furmance'sgﬁtem until equal blowdown flows from the cooling tower
circuits.wgre,achiﬂwed. This situation provided the basis for a
comparable -cost comparison biologically treated secondary condensate
and single %tage condensate treated by activated sludge and reverse

osmesis.

The projected performance of the reverse 03mosis system in Tluenced
the hlowduwa rate from the cooling tower systems. Based on publish-
ed values .0f reverse osmosis system performance (17), (20}, the
following ﬁgTues of percent rejection were employed as representa-
tive of expected performance of reverse asmosis on components of

gas condens3tes: Na' - 85%, € - 83%, 50, - 98.8%.

The esiabljshment of egualized performatice situations between
single stage and two stage gas cleaning systems enabled the develop-
ment of -af reaiistic cost compariscn bDetween the systems. The
capital and operationa) cost estimates for the altermative systems,
including has ¢leaning, wastewater treatment, and supplementat
reverse osmosis treatment, were determined on a difference basis.

Annualized capital cost differences were determined from an incre-
mental difference in capital cost using a return on investment of
15 percent: and a productive life of 20 years, The annualized
capital cost differences were added to the yearly operating cost
differences’ to obtain an indication of the relative economic advan-
tage of the alternative single quench and double quench systems.
An i11ustrétiun of the methodology involved in the analysis is

presented iﬁ Appendix G.
T
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15.& METHODS - COST ESTIMATES

The objective of the economic analysis was to obtain order of
nagnitude cost estimates relative to the selected producer gas
systems that would compare costs associated with single stage gas
guenching with two stage gas quenching. Several procedures of
estimation were employed in the attainment of the objective. All
estimates were based on a mid-1978 price Fevel.

Equipment costs were obtained from the Davy McKee Equipment Cest
Library, from budget type estimates from suppliers, and from esti-
mating reference documents (21}, Costs associated with civil
structures and transmission piping were based on quantities taken
from engineering sketches and in-~house cost information. Cests of
eraction, electrical seryice, instrumentation, Field expensas and
project services were estimated by factoring from experience at
average 1installations. The methodalogy employed was generally
simitar to that proposed by Guthrie (22). The estimating procedure
was amenable to adjustment for alternative materials of fabrication.

Engineering flow sketches and sized equipment Tlists were prepared
for gas train components and the ammonia stripper systems. Eight
mociile estimates were prepared for various facility situations
involving gas quenching and ammonia stripping.

Estimates for wastewatar treatment by the activated sludge process
were prepared from engineering flow sketches and eqguipment lists
for three flow and organic loading situations. For estimation
purposes the components of the activated sludge system were seqgre-
gated into cost modules correlated to input flow or input phenol
loading. Estimates were prepared for flow/phensl situations per-
taining to 35 gpm/370 1b per day, 62 gpm/1600 1b per day and 600
' gpm/ 11000 1b per day. Components allocated to flow included input
wastewater storage, clarifiers, deep bed filters, wastewater pumping
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facitities and control buildings. Components allacated to phencl
loading ipcluded aeration tanks and mechanisms, as well as sludge
dewatering %nd disposal facilities. The segregated cost modules
facilitated the factoring of estimates of activated sludge systems
to intermediate flow and inading situations.

Estimates for processing effluent Trom the activated sludge system
by reverse osmosis, by evaporation and by incineration were prepared
from engineering flow sketches and eguipment lists for 20 gpm, 100
gpm and 600 gpm flow situations. The cost of process equipment
required for the estimates was cbtained primariiy from solicited
budget type‘ quotations from venders. Estimates for intermediate
flow situations were obtained from correlations of installed cost
to flow.

fstinates for dispesal of effluent from the activated sludge system
by panﬁ evapuratiun, by store and discharge to river, and by store
and barge t¢ sea were prepared from engineering flow sketches and
equipment lists for three flow situations. The pond evaporaticon
estimates - pértained to fiows of 16 gpm, 80 gpm and 480 gpm. The
store and discharge and the store and barge estimates pertained to
flows of 20 - gpm, 100 gpm and 600 gpm, The estimates involved
primarily cfvil work and structures, Quantities were taken from
the sketches and estimated at in-house unit prices. The direct
costs were factured to a total installed cost basis. Estimates for
1ntermed1ate flow situations were obtained from correlat1ans of

1nsta1led cast to flow.

Estimates for cooling tower facilities were obtained from conceptual
engineering cooling system analyses coupled with solicited budget
type vendor quotations of installed costs.

The estimated difference in the cost of cperation of alternate
facilities was determined from values repeated in the Jiterature or
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by sypthesis Tram the sum of the aggregate estimated cost for
payroll {%ncluding fringe costs), wutilities and other services
{e.g. scavenger), chemicals and other supplies, overhead (manage-
ment, accounting, purchasing, legal, etc.)}, with allowance of
credit for reusable or marketzble by-preducts. Payroll costs and
gverhead were estimated from staff requirements selected on the
basis of the complexity and size of the systems invalved. The
vosts for utilities, services, chemicals, supplies and allowances
for credits were estimated from censiderations relative to material
balances and energy requivements. Maintenance costs were estimated
as a percentage of capital cest, with the percentage factor weighted
tq the characteristics {mechanical, electrical, component service-
ability, etc.} of the system. Thus the estimates ware synthesizaed
on the has%s of research, analysis, judgment and experience.

Some comment is appropriate regarding the quality of the estimates
generated in this study. The Contract called for the generation of
a large number of estimates in a short time and on the basis of
linit;d field study or analysis of definitive engineering drawings.
The estimates were therefore generated primarily from flow sheet
engineeri&é concepts which provide a reasonable cost basis for only
a portion of an estimated cost. The remaining portion of the cost
estimate was based on conceptual design, average conditions and
Jjudgements. Two principal cost areas involving extensive applica-
tion of judgement and experience were piping and electrical.
Without an engineered layout or definitive piping system informa-
tion, it was necessary to employ judgment estimates of the magnitude
and complexity of the piping systems., Jn the case of electrical
sorvice components, it was necessary to make judgments, based on
power requirements and other considerations associated with the
concapts, ‘as to the inclusion of transformers and other power
supply costs. Major mechanfcal facilities such as cooling towers,
pumps, thickeners, filters, etc., were based upon price information
obtained from eguipment suppliers or the Contractor's file informa=
tion, adjusted to the specific situation. Routine pile foundations
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were assumed for heavy facilities - simple spread foundations were
assumed for light construction. Calculated estimates were extended
hy factoring in certaiﬁ applicable situations. In some instances,
facilities such as buildings, were estimated as wmodules instead of
by component cost classification. The estimates are intended to
apply to the mid-1978 cost Yevel and ingclude construction management
and a contingency factor of 10 to 15 percent.

The estimating procedures emploved in this study fall primarily
within the classifications listed in Perry (23} for "study esti-
mates' (230 percent) and "order of magnitude estimates" (+40
percent). The Contractor used his best efforts to provide estimates
well within the stated ranges.
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6.0 RESULTS

The complete resuwlts of the gas train material balance studies are
presented in Section 11.0, Appendix A.

The higher halide and sulfur contents of the selected IH}ineis
Mo. & coal described in Table 4-4 as compared to the selected
Montana Resebud coal yielded higher concentrations of HC1 and HF in
the gasifier raw gas as indicated in Table 4-5. Residual concen-
trations of HCY and HF in the cooled gas leaving the gas train were
Tess than 0.0001 percent of gqasifier gas concentrations. Thus
halides were projected to be substantially removed by effective wet
gas cleaning. For a given coal, the cooled gas leaving the electro-
static precipitator had essentially the same composition whether
processed by single stage or two-stage quenching.

Gas Cleaning Systems

Figure 6-1 i+llustrates the predicted relationship for HC1 absorption
as a function of the water condensed in the first stage quench for
an air blown gasifier. The combination of the venturi scrubber (15
in wg. pressure drop} plus the sieve tray absorber with 9 trays was
indicated to remove 99.9999 percent of the chlorides from [1vinois
Me. 6 producer gas at a condensation level of 20 gallons per ton of
coal fed. This constituted essentially complete removal of chlo-
rides in the first 20 gallons (7 percent) of a total of 230 gallons
¢f condensate produced per ton of coal fed. Somewhat higher absorp-
tion of HC1 was projected for operation with Montana Rosebud due to
increased alkalinity of the condensate.

The predicted removal of HF as a function of volume of condensate
for air blown gasifier 1% presented as Figure &-2. With producer
gas from [11inois No. 6 it was projected that a first stage quench
of 30 galtlons per ton would absorb over 98 percent of the HF from
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the gas. This amounted to 98 percent removal of fluoride in the
first 10 percent of the total condensate. Fluoride removal from
gas produced from Montana Rosebud was predicted to be higher because
of increased alkalinity 1in the condensate. Thus the concept of
preliminary absorption of halides was theoretically viable.

The removal of HC1 in the first stage quench as a function of
condensate volume per ton of copal feed is shown in Figure 6-3 for
an oxygen blown gasifier, For producer gas from I1linois No. 6
coal, calculations indicate that 99.9997 percent of the chlorides
are removed by quenching 5% of the water vapoer contained in the
absorber inlet flow stream. Expressed as an absolute quantity, the
5 percent guench corresponds to 21.5 gallons of condensate per ton
of coal feed. As shown in Figure 6~3, increasing the amount of
condensate does result in greater removal of chlorides, but the
repoval attained for a 5 percent quench is quite adequate.

As indicated far the air blown case, the higher alkalinity of the
condensate for the axygen blown, Montara Rosebud case increases the
removal efficiency of HC1.

The prediction of HF removal for the oxygen blown case also yields

- favorabie results as shown in Figure B-4. A 20 percent gquench
achieves a 99.2 percent removal of HF Tor the producer gas from
[11inois No. 6 coal. At a 30 percent Jevel of condemsation, 9%.72
percent of the HF contained in the product gas is removed. A Z0
parcent quench value corresponds to 85.86 gallons of water condensed
per ton of coal feed. The 30 percent quench wvalue corresponds to
129 gallons of water condensed per ton of coal feed.

For the producer gas from the Montara Rosebud Coal, 99.53 percent
of the HF is removed by employing a 5 percent qguench. For a 10
percent quench, 9% 8Y% percent af the HF is removed from the product
gas stream. The 10 percent quench corresponds to 11 gallons of
water condensed per ton of coal feed.
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The final design specificat{uns for the absorber units call for
nine trays for each of the Montana Rosebud gasification cases. For
the producer gas from the [Illinois No. 6 coal nine trays are
required for ammonia equilibrium for the air blown case and seven
trays for oxygen blown case,

6.2 Condensate Strippers Performance

The results from the modified WAVES program were compared to data
from a study of sour water stripping (24} and reasonable correlation
was obtained. Steam stripping was indicated to effectively remove

volatile weak electrolytes such as NH tﬂz and HZS' Free cyanide

;
would alse be quantitatively renoved :ut it forms stable complexes
of Jow volatility with metals such as iron and it reacts through
various mechanisms with suifur compounds during cooling of the gas
to farm thiocyanate = a strong electroylte. Thiocyanate and metal
cyanide complexes are refractory to the steam stripping process and

therefore go with the stripper bottoms to biological treatment.

The predicted cyanide removal for all strippars was based on a
study done by APL on sour water strippers (25). Their findings
indicate that the average cyanide removal was only 37% by strip~-
ping. For this study it was assumed tﬁa; 40 percent af the total
cyanides were removed for all stripper cases. The ratio of cyanide
to thiocyanate was based on operational data.

The removal of phenol from the wastewater in the stripper was also
based on operational data obtained from 3Jiterature {24}. The data
indicated 20 percent removal of phenol when the stripper is operat-
ing with total reflux,
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The results of the condensate stripper performance are shown ip
Tables 6-% and 6-2 for the two air blown cases and in Tables 6-3
and 6-4 for the oxygen blown cases. One can cbserve the excellent
removal of MH3, Eﬂz and HES from the condensate with the specified
strippers.

For the low halide stripper design, it was found that al) of HCN
and Cﬂz could be removed after 8 theoretical trays. The HH3 and
HES could be reduced to less than 30 and S ppm respectively using
22 theoretical trays.

For the high halide stripper designs, it was found that the presence
of the strong acids, HC1 and HF, fixed the ammonia im solution and
made the weaker acid gases, Eﬂz. HZS and HCN more wolatile. As a
result, nearly 211 of the acid gases were siripped out of solution
after about 4 theoretical trays. At this point, the injection of
caustic was specified to neutralize the HC1 and HF and free the
fixed amnmopia, For an assumed pH of approximately 8, calculations
predict that the free ammonisa could be stripped down to 50 ppm
after about 20 theoretical trays for the oxygen blown cases. For
the nitregen abundant air blown cases, the Nl-l3 concentration was
reduced to 52 mg/1 and 51 wg/1 for Illinois Mo. & and Montana
Rosebud respectively.

The design specifications for the wastewater strippers contained in
the single stage quench precess train are the same as those for the
low halide strippers. The final design calculations specify 40
sieve trays for each of these strippers. For the high halide
wastewater strippers, 3% sieve trays were required to achieve the
desired removal of volatile weak electrolytes. For actual operating
conditions, the stripping steam rates and caustic addition rates,
could be altered to achieve the desired bottoms concentrations for
the specified number of trays.
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Tablie 6-1: Effect of Treatment on Condensate Characteristics
' INVinois No. & = Air Blown

Raw Condensate Condensate After Stripping fiotreated Condensate
Single 10% Final 5ingle 10% Final 5ingle 10% Final
Component Quench Quench Quench Quench Quench Juench Quench Quench fiuench
Hzﬂ gal/ton coal 292 Co300 262 293 33 261 294 34 259
HHS, mg/1 5310 10880 45671 50 52 50 449 24 42
CDZ, mg/ 1 10740 360 11790 5 5 5 - - -
HZS’ my/ 1 350 44 63 5 5 5 0.1 0.1 0.1
KHC1, mgA 2110 20430 1 - - 1 - - -
HF, amg 104 1000 1.3 - - 1.3 - - -
CN, mgA 50 0.61 a1 15 0. 15 15 3.0 0.2 3.0
SCH, mg/] 260 3.2 275 171 .9 177 10 2 L3
Phenol, mg/l 3329 2209 3640 2640 1630 2920 0.1 0.1 0.1
pH 7 5.8 7.2 8-16 5-10 79 7.7 7.8 7.1
NaCl, mg/1 - - - 3460 29100 - 3380 29200 }
NaF, w®g/1 - - - 230 1860 - 219 1870 2
5D4, mng/1 - - - - . - 282 14 291
TS5, mg/1 - - - - - - 25 25 25
Total Equivalent Strong Clectrolyte, mg/1 as HNaCl 4028 31800 359
Concentration Ratio 11.3 a9 1.0
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Tahle b=2: Effect of Treatment on Condensate Characteristics
M1inois No. & -~ Oxygen Blown

as) oy Areg—

Raw Candensate Condensate After Stripping Biotreated Condensate
$ingle 10% Final Single 10% Final single 10% Final
Component Quenqh Quench Quench Quench Quench Quench Quench Quench Quench
Hzﬂ gal/ton coal 422 42.8 379 424 45.5 378.5 424 46.0 378
HH3, g/ 1 3724 7673 3280 50 50 50 66 30 66
co,, mg/1 8925 442 9657 5 9 5 - - o
HES' ™/ 1 236 47 254 G 5 5 0.1 6.1 0.1
HCY, mg/1 1457 144400 I - - ! - - -
HF, mg/1 71.0 677 2.8 - - 2.8 - - -
CN, mgA1 68.7 0.085 .7 20.5 g.02 21.%5 4.1 0.2 4.3
SCN, mg/1 360 0.44 376 236 0.27 248 10 2 10
Phenol, mg/1 2402 1481 2605 1919 1095 2093 0.1 0.1 6.}
pH 6.7 5.5 6.7 8-10 - 7-9 7.7 7.8 7.1
NaCl, mg/1 - - - 2329 21680 - 2330 21550 1
NaF, mg/1 - - - 149 1335 - 149 1327 3
5D4. mg/ - - - - - - 390 27 408
T55, mg/! - - - - - - - - -
Total Equivalent Strong Electrolyte, wg/1 as NaCl 08 23430 503
Concentration Ratio - - -
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Table &-3:

Effect of Treatment on Condensate Characteristics

Montana Rosebud - A&ir Blown

Raw Candensate

Condensate After Stripping

Biotreated Condensate

Single 10% Final Single 1% Final Single 10% Final
Component Guench Quench Quench Queanch Quench Quench Quench Quench Quench
Hzﬂ gal/ton 124 13.0 11 123 13.4 109 123 13.8 109
"H3- mg/ 1 11950 4866 12730 20 51 50 40 4 3N
tﬂz, mg/ 1 27110 1888 29270 5 5 - - -
HZS’ mg/ 1 199 75 225 b 5 0.1 0.1 Q.1
HCY, wg/) & 5718 1 - - 1 - - -
HF, mg/1 GO 574 1 - - 0.07 - - -
CN, mg/1 78 3.2 80 24 0.93 24 4.8 0.7 4.8
SCN, mg/1 410 16 - 270 11 279 10 2 10
Phenol, mg/1 6295 4675 7239 5056 3637 5824 0.1 .1 0.1
pH 7.5 6.8 7.6 g8-10 8-10 79 7.5 7.6 7.1
NaCl, mg/) - - - 966 8619 - 976 8702 1
NaF, mg/) - - - 127 124 - 128 1145 1
5D4. mg/ - - - - - - 447 43 458
T5S, mg/ - - - - - - 25 25 25
Total Equivalent Strong Electrolyte, mg/1 as Nall 1649 10380 561
Concentration Ratio 2.94 18.4 1.0
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Component
H,0 gal/ton coal

HH3, ng/1
Cﬂz, w1
HES’ mg/1
HC1, wg/1
HF, mg/1

CN, mg/1
SCN, mg/1
Phenol, mg/1

pH

NaCl, mg/1
NaF, mg/%
50, mg/ ¥
T55, mg/1

Table 6-4%: Effect of Treatment on Condensate Charactertistics E?
Montana Rosebud - Dxygen Blown ‘:::
Raw Condensate Caondensate After Stripping Biotreated Condensate E:
&
Single 10% Final Single 10% Final Single 10% Final -
Quench Quench Quench QJuench QJuench Quench Quench Quench Quench EE
104 10.9 93.5 103 11.3 9.9 103 11.6 91.3
14590 5965 15500 50 50 50 44 ® 34
33580 2530 36230 5 - - -
174 93.1 20$ & 5 0. a1 0.1
714 £833 1 - - 1 - - -
71.3 baT G.08 - - 0.09 - - -
99.4 3.4 101 30.3 0.98 30.9 b. 0.7 6.2
h23 17.7 532 s 1.3 356 10 Z.2 10
7215 5501 BoDb 5917 4253 097 0. 0.1 0.1
7.5 6.7 - §-10 8=10 7-9 7. 7.6 7.1
- - - 1160 106810 - 1165 10370 1
- - - 152 1385 - 152 1356 1
- - - - - - hiad a7 584
Total Eguivalent Strong Electrolyte, mg/1 as NaCl 2070 12320 715
Concentraticn Ratic - - -

*Ammania supplement required for bio-oxidation
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6.3 Biological Treatment

Biological treatment of condensates is projected to achieve excel-
lent conversion of phenol plus substantial conversion of other
organics and thiocyanates. This can be seen by again referring to
Tables 6-1 through 6-4. Some additional electrolyte is introduced
inte the second stage condensate stream by means of the degradation
of thiocyanate to ammonia and sulfate., This increases the total
electrolyte concentration of the biologically treated reuseable
condensate,

tommarisons between the total electrolyte concentration of the
single stage candensate to that of the two stage reuseable cnndﬁn-
sate indicate excellent results for the two-stage scheme. Table 6-
! shows the predicted performance of biolegical treatment on the
condensate obtained from the air blown gasification of IVYinois
Ho. 6. Each strong electrolyte was expressed as an equivalent
amount of Na(l for purposes of quantifying and comparing the conden-
sate composition obtained from the proposed processing schemes.
The total equivalent .strong electralyte concentration for the
second stage quench was predicted ta be just 9 percent of that
contained in the single stage guench and 1.7 percent of the first
stage quench of #4 gallons per ton of cua]lfeed.

For the oxygen blown I1linois No. © ¢oal case, the biotreated
condensate strong electrolyte concentration for the first stage
quench was predicted. te be just 16.7 percent of that contained in
the single stage quench. The strong electrolyte concentration of
the second stage quench was predicted to be just 2.1 percent of the
first stage condensate at a quench of 43 gallons of water per ton
of coal feed.

for the gasification of Hnntana.ﬂnsebud coal cases, calculations
also indicate that the two stage quench yields a condensate with a
"~ much more favorable composition than that of the single stage case.
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For the air blown case, the total equivalent strong electrolyte
concentration of the second stage quench was projected to be 34
percent of that contained in the single stage biotreated conden-
sate. The strong electrolyte concentration of the second stage
condensate was projected to be 5.4 percent the first stage quench
condensate at a quench ltevel of 13.8 gallons per ton of ¢oal feed.

For the case of oxygen blown gasification of Montana Rosebud coal,
the projected total egquivalent strong electrolyte concentration of
the second stage condensate is 34.5 percent of the single stage
condensate electrolyte concentration. As indicated before, the
superior performance of the selective absorption unit can be
realized by noting that the total strong electrolyte concentration
of the second stage quench is projected to be just 5.8 percent of
that calculated for the first stage quench. This is stated for the
case of a 10 percent quench in the absorber unit which is equivalent
te 11 gallans of watar condensed per ton of coal feed.

In review of the projected results, one can observe the lower
relative performance of the two stage quench for the Montana Rosebud
cases. This can be attributed to the Jower halide content of this
ceal. One should also note the substantial removal of phenal, SCN,
CH and st achieved with the binlogical treatment step. In partic-
utar, the high phenol content of the stripper condensate fs reduced
to a trace content in the biologicatl treatment effluent,

Analysis of Cooling Circuits

A flow schematic for the recycle cooling circuits associated with
the gasification systems is given as Figure &-5. The recycle
cooling system concept was used in conjunction with water guality
criteria for recycle circuits to gbtain a quantitative comparison
between biologically treated secondary condensates and single stage
condensates treated by activated sludge and reverse osmosis. The
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condensate from the single quench was treated by activated sludge
and reverse osmosis to yield a concentrate egual in volume in all
cases to the alternate 10 percent first staqe quench. '

Tabtes €6-5 and 6-6- provide a comparison of the performance of
treated condensates from single quench and two stage quench systems
operating air blown on Itlinois Ho. 6 coal. A comparison of the
resulis revealed that the treated effluent from the single quench
condensate required 696 gpm of blowdown whereas the blowdown from
the treated secondary condensate was 105 gpm, The superior per-
formance with the secondary condensate was atiributable to the low
halide content of secondary condensate as compared to the permeate
from veverse osmosis.

Tables 6-7 and 6-8 provided a comparison of the performance of
treated condensates from single quench and two stage quench systems
operating oxygen blown on I11inois MNo. 6 coal. The results of tﬁe
analysis of the cooling tower circuits showed that a blowdown of
334 gpm was required wusing treated single stage condensate as
makeup whereas a Llowdown of 274 gpm was adequate for operation on
makeup consisting of treated secondary condensate. Halides were
the water quality limitation for operation on reverse osmosis
permeate as makeup, whereas total strong electrolyte was the water
quality limitation using treated secondary ‘condensate as makeup,
The weaker performance indicated for the oxygen blown system operat-

ing on treated secendary condensate was attributable to the pro-
jected presence of increased thiocyanate in the secondary condensate
as compared to airblown gasification,

Tables 69 and 6-310 present the results of analysis of cooling
tower circuits operating on treated condensates from airblown
gasification of Montana Rosebud. The Dlowdown from operation on
treated condensate ¥from single gquench was indicated as 47 gpm as
compared to 95 gpm for operation on treated secondary condensate.
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Table 6-5: Analysis of Cooling Tower Circuits for Afr Blown 3ingle Quench
Using Il1linois No. & Coal

Total Total Strong
: Flow Temp Halides Eiectrolyte
S5tream Number and Description apm_ Fe as C1 mg/1 as NaCl mg/}
1. Cooling Tower Evaporation 405 - - -
2. Cooling Tower Drift 3.0 - 600 859
3. Cooling Tower Return Flow 32650 100.5 600 859
4. Gasifier Cooling Water Inputs 150 85 600 859
5, Cooling Water Input to Gas Cooling 28200 85 600 : 859
6. Cooling Tower Makeup “1104 75 380 544
7. fooling Tower Blowdown 696 85 690 859
8. ﬁdﬂ]ing Tower Recycle Flow 32650 85 1] . 859
9. Looling Water Input to Ammonia Stripper 1500 a5 600 AS9
10. Cooling Water Input to Stretford Plant 2800 85 600 859
11. dCooling Water Input to Oxygen Plant - - ' - -

NWOTE: Stream numbers referenced to Figﬁre 6-5.
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Table B-B: Analysis

of Cooling Tower Circuits for Ajir Blown Two Stage Quench*

Using 11ingis No. & Coal

Total

Flow Tenmp Halides
Stream Mumber and Description gpm_ F*¢ as £1 mg/!
1. €ooling Tower Evaporation 405 - -
2. Cooling Tower Drift 3.0 - 11
3. Cooling Tower Return Flow 32650 100.5 11
4. Gasifier Cooling Water Inputs 156 Bb it
5. f{ooling Water Input to Gas Cooling 28200 g5 M
6. Cooling Tower Makeup 513 75 2.3
7. Cooling Tower Blowdown 105 8% 11
8. Ceooling Tower Recycle Flow 32650 85 7l
%, Cooling Water Input to Ammonia Stripper 1500 ac 1
10. Cooling Water Input to Stretford Plant 2800 85 1
1. Cooling Water Input to Oxygen Plant - - -

*Ten percent of gas moisture condensed in primary quench

NOTE: Stream numbers referenced to Figure 6-5.

Total Strong
Electrolyte

as Hall mg/]

1700
1700
1700
1700

357
1700
1700
1700
1700

23NN Aneg—-
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Table &7: Analysis of Cooling Tower Circuits for Oxygen Blown Single Quench
' Using Illinois Ho. 6 Coal

Total Tetal Strong
Flow -+ Temp - Halides Electrolyte
Stream Number and Description apm_ Fe as C1 my/1 as NaCl ng/1
1. Cooling Tower Evaporation 518 - - _ -
2. Copling Tower Drift o | a . - -
3. Cooling Tower Return Flow 41500 100.6 600 , 944
A, Gasifier ﬁuuling Water Inputs - 150 85 5 500 944
5. Cooling Water Input to Gas Cooling 35705 85 600 : 944
&. Cooling Tawer Maksup 916 75 261 411
7. Cﬂp1{ng Towar Blowdown _ 394 85 500 ' . Ba4
~ 8. Cooling Tower Recycle Flow 41500 a5 &00 944
9. Cuu]ing Water Input to Ammonia Stripper 2190 a5 600 ' 944
10. Cooling Water Input to Stretford Plant  277% a5 600 944
11.

Cooling Water Input to Oxygen Plant Bad a5 600 944

MOTE: Stream numbers referenced to Figure &~5.

4
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Table 6-8: Analysis of Cooling Tower Circuits fer Qxygen Blown Two Stage Quench®

0Z/9

Using I1lincis Ho, 6 Coal

) Total Total Strong
, . Flow Temp Halides Electralyte
$tream Number and Description gpm Fe as C1 mg/1 as HaCl mg/]
1. Cooling Tower Evaporation 518 - - -
2.  Cooling Tower Drift 4 - 1 1700
3. Cooling Tower Return Flow 41500 100.6 N _ 1700
4, Gasifier Cooling Water Inputs 150 a5 1N 1700
5. Cooling Water Input o Gas Cooling 35705 85 11 1700
&E. Cooling Tower Makeup 736 75 _ ;| 503
7. Cooling Tower §1owdown 214 85 1 1700
B. Cooling Tower Recycle Flow 41500 a5 11 1700
9. Edo]ing Water Input to Ammonia Stripper 2190 -85 1" 1700
10. Cooling Water Input to Stretford Plant 21 85 S n 1700
11. Cooling Water Input to Oxygeon Plant 684 4% 11 1700

*Ten percent of gas meisture condensed in primary quench

NOTE: S5tream numbers raferenced to Figure 6-5.
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Table 6-9;

tsing Montana Rosebud Coal

5tream Number and Description

I R R

—r —
—r N

Cooling Tower
Cooling Tower
Cooling Tower

Evaporation
Drift
Return Flow

Gasifier Cooling Water Inputs

Caoling Water
Cooling Tower
Cooling Tower
Cooling Tower
Cooling Water
Caoling Water
Cooling Water

HOTE: Stream

Input to Gas Cooling
Makeup

B1owdown

Recycle Flow

[nput to Ammonia Stripper
Input te Stretford Plant
Input to Oxygen Plant

numbers referenced to Figure

Flow

197

15977
150
14388
246
47
15977
616
823

e

a5
100.
45
a5
75
85
85
85
85

Total
Halides

as €l _mg/1

600
&00
600
600
119
600
600
600
600

Analysis of Cooling Tower Circuits for Air Blown Single Quench

Total Strong
Electrolyte

as NaCl ing/1

958
958
958
958
190
938
958
958
958

a9y oW Aaeg—
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1ab1e 6-10: Analysis of Cooling Tower Cirguits for Air Blown Two Stage Quench*
Using Montana Resebud Coal

Ltream Number and Description ;é;f
1. Cooling Tower Evaporation 197
2. Cooling Tower Orift é
3. €ooling Tower Return Flow 15937
4. Gasifier Cooling Water Inputs 150
5. Enniing Water Imput to Gas Cooling 14388
6., Ceooling Tower Makeup 294
7.  Cooling Tower Blowdown - 95
B. Cooling Tower Recycle Fiow 15977
9. Cooling Water Input to Ammonia Stripper 616
10. Cooling Water Input to Stretford Plant | B23

—
—t

. Cooling Water Input to Oxygen Plant -

*Ten percent of gas moisture condensed in primary quench

NOTE: Stream numbers referenced to Figure 6-5.

Temp
FD

100.4
85
85
7%
85
85
85
85

Total
Hatides

as €1 mg/1

[ DT BT T R L L LI T,

Total Strong
Electroliyte
as NaCl mg/)

1700
1700
1790
1700

561
1700
1700
1700
1700

-3 Aneq—
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The superior performance of the permeate as cooling system makeup
was attributable to the high selectivity of reverse osmosis to the
substantial mole percentage of sulfate in the Montana Rosebud gas

condensate.

The results of analysis of cocling tower circuits for oxygen blown
operation on Montana Rosebud coal are given in Tables 6-311 and 6-
12. The blowdown flow indicated for cooling tower operation on
treated condensate from single guench was 53 gpm as compared to 127
gpm for operation on treated secondary condensate. Thus the reverse

- 0smosis process included in the treatment of the single quench

condensate was designated as more effective in the particular case
than the application of a two stage quench system.

Economic Analysis

Similarities and differences exist between gas trains incorporating
single stage and two stage quench systems. It fellews that an
econcmic comparisen between the systems can be constructed from
consideration only of the costs sttributable to components that are
dissimilar. Tables 6-13 through 6-16 present estimates of capital
and operating «costs based on dissimilar components between
“egualized" single stage and two stage quench systems. The amalyses
were based on carbon steel absorbers and decanters, and assumed
similar loss of gas pressure through the alternate systems,

The results in Tables b-13 and 6-14 pertaining to gasifier opera-
tion, air blown and oxygen blown, on I[11incis Mo. 6 coal indicated
a cost advantage for the two stage quench alternative. The implica-
tion wa: that the cost of the reverse csmosis facility attached to
the single gquench system excesdad the cost increase associated with
the more complex two stage quench system. The results in Tables 6=
15 and 6-16 partaining to gasifier cperation, air blown and oxygen
blown, on Montana Rosebud coal suggested a cost advantage for the
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Table 6-11:  Analysis of Cooling Tower Circuits for Oxygen Blown Single Quench
Using Montana Reosebud Coal

Total- Total Strong

' Flow Temp Halides Electrelyte
Stream Number znd Description gpm F? as C1 mg/1 as_NaCl mg/1
1 Cooling Tower Evaporation o 17¢ - _ - -
2 Cooting Tower Drift ] - - -
3 Cooling Tower Return Flow 14282 100.4 600 960
4 Gasifier Conling Water Inputs © 180 85 600 964
5. Coolipng Water Input to Gas Cooling 12330 85 500 360
6 Coaling Tower Makeup 230 75 142 227
7. Coaling Tower Blowdown ' 53 85 600 960
8 Cooling Tower Recycle Flow . 14282 85 60D 960
9. Cooling Water Input to Ammonia Stripper 512 85 600 360
10. Cooling Water Input to Stretford Plant B18 85 600 960
11. Cooling Water Input to Oxygen Plant 472 A% 600 960

NOTE: Stream numbers referenced to Figure 6-9%,

83) O Areg—-




Table 6-12: Analysis of Cooling Tower Circuits for Oxygen Blown Two Stage Quench®
Using Montana Rosebud (oal

Total Total Strong
Flow Temp Halides Electrolyte
Stream Number and Descriptian gpm_ F* as C1 mg/1 as WaCl mg/1
1. Cooling Tower Evaporation 176 - - -
2. Cooling Tower Drift ! - - -
3. Cooling Tower Return Flow 14282 100, 4 2 1700
4.  Gasifier Cooling Water Inputs 150 8% 2 1700
5. Cooling Water Input to Gas Cooling 12330 85 2 1700
6. Cooling Tower Makeup 304 75 1 715
7. Caoling Tower Blowdown 127 8% 2 1700
8. Cooling Tower Recycle Flow 142482 85 2 1700
9. Cooling Water Input to Ammonia Stripper 512 as 2 17008
10. Cooling Water Input to Stretford Plant 818 85 2 1700
11. Cooling Water Input to Oxygen Plant 472 g5 2 1700

*Ten percent of gas moisture condensed in primary quench

MOTE: Stream numbers referenced to Figure 6-5.

§2/9

AN Areg—




—Davy McKee

Table 6-13: Comparative Cost Analysis for 5ingle and Twe Stage
Quench Systens
IMincis Ho. & - Air Blown

Single . Two+5tage
Quench Juench
A, Capital Costs MM$ C
fias Cleaning and Cooling Module B.40 9.50
Condensate Stripping and
Biotreatment 7.20 4.30
Reverse Osmosis 3.50 -Q-
Total Capital Cost, MM% 19.10 17.80
B. Annualized Costs, MM$/yr,
Operation and Maintenance
Difference 0.32

Table 6-14: Comparative Cost Analysis for Single and Two Stage
(luench Systems
11Vinoss No. 6 - Oxygen Blown

Single Two-Stage
Quench Quench
A. Capital Costs MM$
Gas Cteaning and Cooling Module 9,20 10. 20
Condensate 5tripping and
Biotreatment 7.9 9.12
Reverse Osmosis ' 3.60 -0~
.Tntal Capital Cost, MM$ 20.70 19.32
B. Annualized Costs, MM$/yr,
Operation and Maintenance .
Difference _ 0. 34
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Tahle 6-15: Comparative Cost Analysis for Single and Two Stage
Quench Systems
Montana Rosebud = Air Blown

S5ingie Two=5tage
Quench  _Quench
A. Capital Costs MM$
Gas Cleaning and Cooling Module 4,00 5.50
Condensate Stripping and
Biotreatment 5.50 6.58
Reverse (smosis -] _1.54
Total Capital Cost, MM% 11.36 13.62
B. Annualized Costs, MM$/yr.
Operation and Maintenance 0.14

Table 6=16: Comparative Cost Analysis far Single and Two Stage
Quench Systems
Montana Rosebud - Oxygen Blown

Single Two-5tage
Quench Quench
A. Capital Cost M3
Gas Cleaning and Cooling Module 3.60 4.60
Condensate Stripping and
Biotreatment 5.35 7.43
Reverse Osmosis _1.70 1.7
Total Capital Cost, MM} 10.65 13.20
B. Annualized Costs, MM$/yr,
Operation and Maintenance 0.15
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6.6

single quench system. The results were attributed to the low
halide content of the condensate from Mentana Rosebud and the
superior rejection capability of reverse osmosis for sulfate as
compared to chloride,

To facilitate quantification of the cost advantages, the results of
Tables 6=13 to &6-16 were annualized in Table B6~17 by an incremental
difference analysic outlined in Section 11, Appendix H. The unit
cost advantage for the twoe stage quench alternative for gasifier
operation on I1lincis No. & coal, air blown and oxygen blown, was
$0.99 and $1.07 per ton of coal gasified respectively. The unit
cost advantage for the single quench alternative for gasifier
operation, air blown and oxygen biown, on Montana Rosebud coal was
$0.95 and $1.26 per ton of coal gasified respectively.

Disposal

The operaticn of coal gasification facilities results in the gen-
aration of residues consisting of ash and wastewater blowdowns. It
follows that concepts for disposal of residues must be integrated
into plans for tnstallation of coal gasification facilities.

For purposes of the study it was presumed that landfilling would be
employed for disposal of ash and minor amounts of other solid
wastes, such as spent filter cartridges from reverse osmosis pre=-
treatment. The solid wastes would be provided with chemical fixa-
tion, sealed encapsulaticen, or containment and treatment of leach=
ates as required for the protection oFf surface or groundwater
resources from pollution. The concept is considered as applicable
to sites at wheeling, West Virginta or (arson City, Nevada. In
some cases so0lid waste residues can be used Tor backfill of mined
out areas with implementation of necessary precauvtions against
pollution of surface or groundwater resources.
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Incremental Difference Analysis of Annvalized Cost of

Single Stage and Twe 5Stage Gas Cleaning Systems

Table 6=17:
IMMinois I1linois
Most Economical Ho. b No. &
Process Air Blown 0, Blown
Two Stage Two Stage
Incremental
Capital Cost
Advantage $1.3 MM $1.38 MM
Incremental
Operating Cost
Advantage $ .32 § .33 MM
Anrnyalized
Ingremental
Capital Cost
Advantage $ .20 MM $ .22 WM
Total
Incremental
Annualized Cost
Advantage over
Alternative System $ .52 MM $ .56 MM
I1Minois [1iincais
Unit Cost No. & No. b
Advantage Air Blown §, Blown
Most Economical Twe Stage Two Stage
Pracess
$ per ton Coal
Gasifiad 0.99 1.07

Montana
Rosebud
dir Blown

Single 5Stage

$2.26 MM

$ .14 MM

$ .36 M

$ .50 MM

Montana
Rosebud
Air Btown

Single 5tage

0.95

Mantana
Rosebud

02 Blown

Single Stage

$2.55 WM

$ .15 MM

$ .41 MM

$ .66 MW

Montana
Rosebud

DE 8lown

5ingle Stage

1.26
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The wastewater blowdowns could consist of reverse osmosis concen-
trates, boiler blowdown, spent ion exchange regenerant or cooling
tower blowdown. These flows are characterized by substantial
content of inorganic salts and low contents of organic matter and
suspended s¢lids. As such they should be considered as "inorganic
residues” from wastewater treatment rather than as untreated
wastewater.

Disposal concepts for wastewater blowdowns that were investigated
tn the study included store and discharge to river, store and barge
to sea, pond evaporation and fncineration to dry prnduci. Since
the cost of disposal is largely dependent upon the magnitude of the
blowdown flow, it follows that an opportunity exists for a trade-
off analysis between the cost of systems for veducing blowdown Tlow
and the cost of disposal. Reverse osmosis and thermal evaporation
are alternative desalipation processes for the conversion of waste-
water blowdowns into fractions of reuseable water and blowdown
discharges af reduced volume and increased concentration. As a
genaral guideline reverse asmosis is move practical for the concen-
tration of blowdowns with & Tow solute content and thermal evapora-
tion is more practical for concentration of blowdowns with a high
solute content. With evaporation cost at $3.50 per 1000 1b steam
and 1.2 gallons condensate per 1b steam, the cost of steam exceeds
the total cost of operation and maintenance far single stage desal-
ination by reverse asmosis. For purposes of analysis, the following
gquideline 1imits were imposed upon reverse osmosis desalination
operations:

a. Aaximum sulfate in concentrate = 6000 mg/1
b. maximum strong electrolyte in concentrate = 9000 mg/1 as NaCl
c. maximum chlorides in permeate = 150 mg/1

The intent of the guideline limits was to provide contro) of mem-
brane fouling by precipitates and to provide permeate that could be
used as makeup for evaporative cooling systems operating at four
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concentrations. Operation at a strong electrolyte cancentration of
2000 mg/) was visualized as roughly equivalenrt to a total dissobved
selids content of 1.0 percent. Thus resort to evaporation was
necessary for desalination of reverse osmosis concentrates or
blowdowns with concentrations above the guideline 1imits. Reverse
osmosis permeate was assigned a value of $0.10 per 1000 gallons at
Wheeling and $1.50 per 100D gallons at Carson City.

An analysis of the characteristics of the biotreated coandensates
presented in Tables 6-1 to 6-4 indicated that single stage reverse
osmosis would produce permeates of acceptable quality for coaling
system makeup except in the cases of the condensates from the 10
percent first stage quenches and the single quenches from operation
on Illinois No. & Coal {(Tables 6-1 and &=2). Two stage reverse
osmosis was applicahle to the single quench condensates from
INTinois MNo. & - condensates fFrom the 10 percent first stage
quenches were outside the guideline Timits for reverse asmosis.

Multiple effect avaporation has potential application for concen-
tration of condensates from first stage quenching and for increasing
the concentration of reverse osmosis concentrates. The concentra=
tions attainable in the bottoms from evaporators is limited by the
precipitation of dissclved salts. The precipitation problem is
controlled within timits by acidification and by crystal seeding.
For purposes of the study 1imniting strong electrolyte concentrations
in multiple effect evaporator bottoms were taken as 9.0 percent.
The condensates from evaporation characteristically have dissolved
salids contents of 2 ta 3 mg/). The superior quality of the con-
densates renders it suitable for reuse in boiler feedwater systems.
The value assigned to evaporator condensate was $0.80 per 1000
gallons at Whea)ing and $2.20 per 1000 gallons at Carson City.

Evaporation with incineration has patential application for conver-
sfan of multiple effect evaporator bottoms to a dry product. The
system uses z pan avaporator to attain a concentrate of 60 percent
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solids content for feed to incimeration. The system involves a
retatively high commitment of resources in terms of energy and
cost. Disposal of s0lid residue in the sea or in abandoned salt

nines has been suggested.

Disposal at Wheeling Site

The disposal of wastewater blowdowns at the Wheeling, West
¥irginia site would be accomplished by discharge to surface
waters or by deep wel)l disposal. Llimatic conditions at the

- Wheeling site are unfavorable for pond evaporation. The geclogy

of the Wheeling area has been rated as generally favorable for
deep well disposal (286), but it is anticipated that a deep well
discharge proposal would be difficult to clear through regulatory
authorities. Thus it was assumed that a surface discharge
concept would bte utilized. Alternative surface discharge con-
cepts could involve controlled discharge to the Ohio River
during periods of high flow or barging of the inorganic waste-
water residue to the Gulf of Mexico,

It s the contractor’s assesswent that there is no means of
disposal of inorganic wastewater residues that is gemerally
acceptable - that is, there are no panaceas for disposal of
wastewater residues to watercourses. Parenthetically, approval
of concepts Tor disposal of wastewater residues to watercourses
can often be negotiated on a case by case basis.

The essential elements of an acceptable concept for the dispusaﬁ
of inorganic residues are that regulatory guidelines be
addressed, that the impacts on receiving waters and lower ripar-
jan users are quantifiable and minimal, and that the quality of

the concept is superior to prevailing installations discharging

similar ~ wastes.  In the Wheeling area treated coke plant
effluents are discharged divectly to the Qhio River, therefore a
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situation exists in which a logical case could be made for the
disposal of gasification plant inorganic wastewater residues by
concepts such as store and discharge to the river or store and
barge to the Gulf of Mexico. The resulis of discharge permit
negotiations are dependent upon the prevailing status of regula-
tions and guidelines, community reactions, lower riparian reac-
tions, and negotiator perscnalities. In many cases, the ocutcome
of negotiaticns cannot be predicted with certainty.

The results of an analysis of present value unit costs are given
in Table 6-18 for disposal at Wheeling, West Virginia of waste-
water blowdowns by store and discharge, stere and barge to sea
and evaporation/incineration. The results pertain to gasifier
operation air blown and oxygen blown on I1linpis Mo, & coal.
The results indicated that direct disposal by store and discharge
(i.e. sans intermediate concentration)} was the least expensive
disposal alternative for all situations tabuilated.

Table 6-18: Optimized Present Value Unit Costs for Disposal

of Wastewater Blowdowns at Wheeling, West Virginia Site

S5tare and S5tore and Evapeorate
Discharge Barge & Incinerate

{$/Ton) {$/Tan} ($/Ton}

ITlinois Ho. & - Air Blown:

Single Quench 0.73 5.02 1.72
Double Quench 0.73 3.54 1. 33
IMinois No. & - Dxygen Blown:

Single Quench 0.65 3.95 1.52
Double Quench 0.65 3.03 1.50

gptimum costs of dispesal of bictreated condensates from conven-
tional single quench gas cleaning by store and barging were
obtained with inclusion of intermediate two-stage reverse osmosis
coupled with multiple effect evaporation to yield a concentrate
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B.6.2

with 5.0 percent strong electrolyte content for delivery to the
barges. Optimum costs of disposal of biotreated condensates
from two stage quenching by store and barging were abtained by
concentration of the secondary condensate by reverse osmosis
followed by multiple effect evaporation of the combined primary
condensate and reverse nsmus{s concentrate to a strong electro-

*. Tyte content of 9.0 percent.

Optimum costs far disposal by thermal evaporation/incineration
were obtained with feeds of biotreated condensates that were
preconcentrated to 9.0 percent strong electrolyte content as per
disposal by store and barge to sea.

Disposal at Carson City S5ite

The dispasal of inorganic wastewater residues at the Carson City
site would presumably be accomplished by discharge to natural
evaporation ponds inasmuch as suitable surface watercourses are

unavailable. The ponds would be sealed against infiltration and

the groundwater underlying the ponds would be menitored by wells
to verify the integrity of the sealing procedure, There is an
outside chance that deep we))l disposal would be applicable at
Carson City, but the geology of the area has been identified as
being genera1ly'unfavarah1e (26).

The cost of disposal by evaporation ponds is largely dependent
upon the magnitude of the discharge flow. Tharefore an economic
trade-off analysis can be made between the cost of reduction of
flow of wastewater blaowdown by reverse osmosis and the cost of
evaporaticn pond capacity.

- The resutts of the analysis indicate that the preﬁent valug unit

costs of reverse osmosis were considerably lower than those aof
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pond evaporation for the condensate flow rates censidered in
this study. As a result of this observation, the proposed
process scheme for each operating case was based on maximum flow
of condensate to the reverse osmosis unit.

for the case of single stage quench,'both air and oxygen blown,
the entire condensate Tlow was sent to a reverse osmosis unit
which included partial recycle of the permeate. The maximum
total strong electrolyte concentration for the reverse osmosis
_cancentrate was set at 9000 mg/liter. The concentrate stream
comprised the total flow to the evaporation pond.

For the case of two stage quench, both air and oxygen blown, the
secand stage condensate was sent to the reverse osmosis unit.
The performance criteria of the reverse osmosis unit was based
on the maximum allowable suifate concentration of the concentrate
and was set at 6000 wmg/1 for this study. The total flow to the
evaporation pond consisted of the first stage quench condensate
and the concentrate from the reverse osmosis unit.

Present walue unit costs are presented in Table 6-19 for the
disposal scheme consisting of reverse oasmosis and pond
evaporation. As can be observed, the cusps are guite low and
are Essenti&1]y' the same for single gquench and double quench

systems.

An alternate disposal scheme consisting: of reverse osmosis,
thermal evaporation, and incineration was alse considered for

all cases. The present value unit costs of this disposal tech-
nique are also shown in Table 6-19. The alternate scheme for
the single stage guench case specifies that the condensate fiow
be sent to a reverse osmosis unit and that the concentrate
unidergo further processing via thermal evaporation. The design
criteria for the kettle type evaporation units was based on the
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evaporator hottoms having a dissclved solids concentration of
60 percent. The bottoms from the evaporator were then sent to
an incineration unit.

For the case of the two stage guench, both air and oxygen blown,,
the processing is similar to that previously described with the
exception of an additional flow stream. The condensate from the
first stage quench is combined with the concentrate from ‘the
reverse osmosis unit and then sent to the evaporator.

The presept value unit costs of the alternate disposal scheme
are significantly higher than those zpe¢ified for the pond

evaporation methed. These higher unit costs can be attributed
to the enerqy demands of thermal evaporaticn and inc¢ineration,

Table &-19: Optimized Present Value Unit Costs for Disposal of

Wastewater Blowdowns

at Carson City, MNevada Site

Pond Evaporation and
Evaporation Incineration
($/Ton) ($/Ton)
Montana Rosebud - Air Blown: _
Single Quench 0.16 0.94
Double Quench 0,164 1. 06
Montana Rosebud - Oxygen Blown:
Single Quench 0.1% 0.90
Double Quench 0.158 0.98

6/36




e
DISCUSSION




—Davy McKee

7.0 DISCUSSION

f.1

General

The study analyzed alternative gas cleaning systems employing
singlte stage and two stage gas quenching far a particular gasifier
installaticon. The results of the study indicated that the alter-
native of preliminary absorption of halides by application of a two
stage quench was a cost effective design praocedure for operation of
the selected gasifier installation on high halide ceals. The
rasults also indicated the alternative of the conventional single

stage gquench design to be cost effective for operation of the.

selected gasifier installation on Tow halide coals., 3Subject to the
assumptions and constraints employed in the study, the alternative

of the two stage quench possessed a cost advantage of 0.99 $/ton

and 1.07 %/ton for gasifier operation air blown and oxygen biown
respectively on the selected Ittinis No. & coal. Parenthetically,
the analysis of the alternative of the single stage quench yielded
a cost advantage of 0.95 $/ton and 1.26 $/ton for gasifier operation
air blown and oxygen blown respectively on the selected Montana
Rosebud coal. The dominant variable affecting the cost effective-
ness of the alternatives was indicated to be the halide content of

the coal feed. inder the conditions of the study, the trade-off .

cost between single stage and two stage gas gquenching systems was

" jndicated to occur at coal total halide concentrations of 0.15

percent and 0.6 percent {expressed as chlorides) respectively for
air blown and oxygen blown gasification.

Some discussion is warranted of the validity and applicability of
the aforestated findings. Firstly, it should be recognized that
the findings were derived using a raticnal water management analysis
using represantative water quality criteria in cooling tower
circuits., The application of the procedure enabted the comparison
of alternatives on the basis of equal reuse in recycle circuits and
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equal blowdown to discharge. It may be noted that the single stage
quench alternative would be favared in situations. with ample,
inexpensive water supply and relaxed effluent standards. The iwo
stage quench alternative would be favored in situations where water
supply is restricted or wheré effluent regulations are stringent.

Reverse osmosis characteristically passes about 17 percent of feed
chtoride and 1-5 percent of feed sulfate - a performance ratio of
roughty fTive-fald. It follows that the low halide, a sulfate
_bearing secondary condensate from the two stage quench alternative
has exceptional potential for tight closeup using reverse osmosis
recycle loops. For exanple, if the biotreated secandary condensate
for operation on I11inois No. & = air blown were upgraded by revarse
osmasis treatment, the permeate might be projected to contain
1 mg/1 of halide, 4 mgf1 of sulfate and 39 mg/1 of ammonia. A

jected to contain 380 mg/) of halide, 3 mg/) of sulfate and 41 mg/
of ammonia. Organic matter would he substantially absent from both
permeates. Thus the permeate from the secondary coendensate is of
far superior quality for reuse in that it approaches the expected
quality of evaporator condensate. The water quality advantage of
the two stage guench warrants consideration relative to alternative
selection but it was not fully evaluated in the study in terms of
economics. o

The findings of the cost analysis were based on the presence of an
absorber with 9 sieve trays in the two stage quench system. The
absorption capability was selected to achieve near eguilibrium in
respect to ammonia absorption - which fixed pH and thefeby facili-
tated the theoretical analysis of the chemical characteristics of
the condensate. [In actuality, the anpalysis indicated that over
90 percent of the chlorides and fluorides were absorbed after ane
theoretical tray. Tt follows that a venturi scrubber followed by
an efficient moisture spparataor and mist eliminator would likely

permeate Trom a biotreated single quench candensate might be pro=-
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provide sufficient absorption capability for capture of chlorides
and fluorides, Such a system would minitmize the cost impact of the
absarber on the two stage quench alternative.

The aforementioned findings of cost advantage for alterpative
systems did not allew for costs assocciated with increased energy
loss through the two stage quench system. It was reasoned that the
degree of gas cleaning for feed to the electrostatic precipitator
should be the same for the single stage and two stage quench alter-
natives. It followed that the total energy requirement far cleaning
the gases should be approximately the same whether accomplished by
a venturi scrubber alone or a venturi scrubber in conjuncticn with
a sieve tray sbsorber. That is, in a two stage system it should be
possible to adjust the energy Joss in the venturi scrubber to
essentially compensate for the energy loss in the absorber.

Oppertunities exist for improvement of the cost effectiveness of
the two stage guench alternative through optimization of process
engineering. The excellent absorption characteristic of the halides
suggests that the unit flow incorporated in the first stage gquench
could be sized for the minimum flow to transport tar and particu-
lates (possibly 10 to 20 gallons/ton). The gain would be more
secondary condensate available for recycle which would improve the
cost advantage indicated for the two stage quench alternative with
I1linois Ko. 6 coal. Another potential design refinement might
consist of the conversion of the tar decanter in the second stage
quench ta a side stream device inasmuch as over %% percent of the
total tar collected is removed in the first stage. Such revision
could provide a decanter size reduction of possibly 75 percent at a
significant cost reduction,

Some reflection is appropriate concerning possible limits to the
applicabilfity of the two stage quench concept. The concept is
simple and is considered to hawve extensive application to coal

13




—Davy McKee

conversion process ¢as ¢leaning, but it does entail the inclusion
of additional decanter units, and possihly absorpticon units, in the
gas train. Since the cost of tanks and vessels increases with
increased pressure rating, it may be presumed that the feasibility
of the twe stage quench is adversely affected by operation at high
pressure conditions. The cest impact of the pressure limitation
could be particularly severe if the supplementary units (decanter,
etc.) had to be fabricated from exotic materials {e.g. titanium) to
withstand the aggressive condensate characteristics due to the
presence of halides in combination with low pH. However, a situa-
tion could conceivably prevail whereby corrosion problems were
confined to the first stage system enabling the use of less expen-
sive materials in subseguent units,

Problems of tar fouling would be expected to be diminished somewhat
by application of two stage gas quenching because the venturi
scrubber and decanters are operated nearer the temperature of tar
condensation. Hard tars are expected to be collected by a tar
scrubber that precedes the gas stream heat recovery unit immediately
upstream of the venturi scrubber. Soft tars would be collected in
the first stage quench and would be held at about 225°F in the
tirst stage decanter. The second stage gquench will condense
moisture and light oil - it can he presumed that captured tar will
be dissolved or entrained in the emulsion. Thus the staged temper-
ature situation should assist in the limiting of tar deposition.

It 15 noted that tar collection and fouling was evaluwated in METC
pitot pltant performance tests {1). In the tests for gas cleanliness
after venturi and valve tray scrubbing, twenty liters per minute of
gas were passed through an 0.8 micron filter for periods of 20 hours
per test. "The filter when observed under scanning electron microe-
scope showed: (1) no particles of any size, and {2) no stain or
discoloration incident o tar or light oil depositicn." The tests
on a closed circeit guench system indicated that tars and particles
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that rvemained entrained in the decanter overflow passed the heat
ex:ﬁangers “eési]y.“ Mo increase in pressure drop across the heat
exchangers was observed with time of service and the heat transfer
coeffictents remained at 100 to 105 Btufhr-ft2-°F. It was concluded

that the system represented "a series of highly functional anit

operations." Steam tracing of the tar lock hopper and discharge
valve was the only external aid employed for tar removal.

The cost analysis empleyed in the study presumed the applicability
of carbon steel vessels and tanks in the gas train. The presumption
is considered sound pending experimental evaluation of carbon steel
in the service and the possibility of corrosion control by use of
neutralization and/or chemical inhibitors. In view of the present
lack of data, the possibility exists that removal of corrosives in
a first stage quench could register as a cost advantage by lecal-
izing the need for exotic materials of construction in the gas
train. A supplemental review of materials of construction is
presented in Section 11, Appendix I.

Accuracy of the Modified WAYES Program

The results obtained with the original WAVES program has shown good
agreement with experimental data for a system containing valatile
weak electrolytes (e.g., NH3 - HZS - Hzﬂ and HH3 - EDE - Hzﬂ. Ref.
{(5)). The program used for purpeses af this study is based on the
original WAVES program with modifications made to include chemigal
species pertinent to the proposed system. Data was unavailable for
a similar system containing all of the weak electrolytes in the
modified WAVES program. However, the results from the program were
compared to data from a study of sour water stripping {(24) and
reasonable correlation was obtained. Although the predictions of
the program were not verified completely, the trends were in-line
with expectations.
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The solubility of ammonia, for instance, is increased in the quench
streams due to the presence of strong acids. The acid gases, Cﬂz,
st and HCN are made more volatile in this environment. Another
expected trend is the nearly complete absorption af HC1 and HF with
ninimal quenching. The large jonization potentials and thus, low
vapor pressures for these chemical species indicated that such a
phenonenon could be expected. These are qualitative interpretations
of the results. However, experimental data for a similar system
would be required for verification of study projections.

" The gquench unif operates at concentrations and temperatures which
‘are within the range for which the thegretical basis is valid (5)
{7}. Additional weork is necessary tp account for the molecule-
molecule and molecule-ion interaction parameters for the HC1 and HF
species. At the time of the study these parameters wera not
available.

This study was an attempt to use & basically sound theoretical
study to model a more complex system. As the theory undergoes
further development to simulate more complex Systems there will he
considerable refipement 1in the detigns hased on this theory.
Recent developments have already been made by Edwards, et. al. (V)
to include the activity of the water together with the vapor phase
fugacity coefficient. The improvements aiso incorporated the
molecular and interaction parameters as functions of temperature.

The program used for this study did not take inta account the
reaction of cyanide with sulfur to form thiocyanate. The reaction

mechanisms possible for the formatien of the thiocyanate are
numerous and complex in a multicomponent mixture such as the quench
water from a gasification plant. Current enviranmental studies of
coal gasification plants in conjunction with bench scale studies
should generate considerable information about the reaction kinetics
of sulfur compounds with cyanide.
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7.3 Thiocyanate Formation

Most of the sulfur contained in the producer gas is in the form of
HES (27). The quantity of hydrogen sulfide and hydrogen cyanide
that is present in the first and second stage quench water was
predicted using the modified WAVES program. There are several
reaction mechanisms that have been proposed to describe the forma-
tion of thioccyanate in the agquecus phase (2B). Most of the mech-
anisms proposed require the presence of an oxidizing agent (28).
One possible wechanism is the oxidation of sulfide to form sulfur
and wultimately polysulfide. The polysulfide then reacts with
cyanide to form thiocyanate. Another possible mechanism propases
that the sulfide is oxidized to form sulfite which can then react
with polysulfide to form thicosulfate. The thiosulfate then reacts
with cyanide to form thiocyanate. There are additiona) reaction
mechanisms possible for the formation of thiocyanate but at the
aperating conditions of the proposed system the previously mentioned
reactions seem most credible. Results of bench scale experiments
performed by Luthy, et al. (28) indicate that the oxidation of
su1fide to yield polysulfide is the rate controlling step for the
formation of thiocyanate. The sulfide oxidation reaction is a
complex mechanism and is not well understood. Chen and Morris (29)
and 0'Brian and Bfrkner (30) have recently reporied kinetic data
for the oxidation of sulfide in agueous solutions. The overall
reaction vate is a function of the solution pH, the sulfide/oxygen
ratio, and the catalytic effects of metal jons and organic species
present in the system. There also exists an interdependent rela~
tionship between two of these variables for the system. As the pH
of the condensate changes, the extent of HES dissociation changes,
thus affecting the sulfide ion concentration in solution., This in
turn affects the rate of polysulfide formation.

[t has been reported that carbon disulfide is reacted with ammonia
to form ammonium thiocyanate in a commercial process (31). Given
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the prupér conditions and the presence of carbon disulfide or
substitute compound, it is conceivable that similar reactions could
take place in the system.

In addition to the reactions menticned previously the cyanide ion
can also react with many metal catioens to form stable complex
anjons (32). Iron cyanide complexes are the most stable of the
metal anjons and the most likely to he present in the quench water.
The rate of formation of iron cyanide complexes is slow compared to
the formation of complexes containing nickel, copper and 2inc (25).
The saurce of iren for the formation of these compliexes could be
the carbon-steel process vessels or the ash from the gasified coal.

The chemistry of the thiocyanate formation ¥s complex and is not a
principal objective of this report. A conservative approach was
taken in predicting the amount of thiocyanate that would be present
in the second stage condensate. It was assumed that 70 percent of
the cyanide contained in the condensate from the second stage
quench would undergo further reaction to form thiocyanate. Of the
total cyanide ion remaining in the condensate, it was assumed that
forty percent would be removed by stripping. This value was based
on the results of an API study on sour water stripping (24).

Extensive fundamental study 35 needed to improve the basic under-
stamding of the chemistry of coal conversion processes (27). It is
conceivable that with better resolution of the mechanisms and
points of formation of thiocyanate that the gasifier could be
operated in a manner to minimize the production of products that
contribute to thiocyanate Formation in the secondary condensate.
In this regard, some success has been achieved with the operation
of blast furnaces to minimize the formation of cyanide. The reso-
lution of mechanisms would also enable the analysis of the feasi-
bility of the feed of ammonium polysulfide to the first stage
quench to react with cyandide. The use of ammonium polysulfide has
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been advocated for the conversion of cyanide to thiocyanate in some
sour water stripper and desuifurization systems. The secondary
condensate would possess a lower dissolved solids concentration if
the concentration of cyanide in the gas could be lowered or if the
thiocyanate formation could be promoted in the first stage quench.

Differential Energy Consumption Between the Single and
Two-3tage Juench Processes

It was of interest to consider any differences in energy reguire-
ments for the single stage oquench and two stage quench
alternatives.

Thermal energy balances for each of the processing schemes con-
sidered are near identical. The major energy discrepancy between
the two systems is a result of the higher pressure drop the product
gas undergoes through the two stage qguench units, Calculations
predict a .6 psi pressure drop for the single stage spray coolers
and a 2.6 psi pressure drop for the combined absorber and spray
cooler wnits in the two siage quench system. For purpeses of gas
distribution or for meating elevated pressure requirements of
process units downstream of the gas ftreatment facilities, the
available product gas pressure has an impact on compression costs.

To compute the cost of the additional energy rvequirements for the
two stage quench process, it was assumed that the product gas would
be at the same delivery pressure for each process. To meet this
requirement,, it was necessary to increase the pressure delivered by
the air/oxygen compressor to the inlet of the gasifier for the two
stage quench process, The additiona) energy costs attributed to
the increase in compressor load for the two stage process were
computed for each of the gasification cases considered. It was
assumed that the compressor is a two stage uwnit having an overall
efficiency of 75 percent. Power costs were based on current ¥ndus-
trial rates of 4.0 cents per kilowatt hour.
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The results of these calculations are shown in Table 7-1. These
additional operating costs were incorporated into the overall
economics ta establish their effect on the total incremental annual-
ized costs. As cin be seen in Table ?-1; these additional operating
costs for the two stage quench process are significant, but do not
affact the most economical choice for each case.

Table 7-1: Estimated Increased Energy Consumption for the
Two Stage Quench System and the Effect on the
Economic Analysis in Table 6=17.

IMinois I11inois Montana Montana
Ne. B Ho. B Rosebud Rosebud
Air Blown O, Blown Air Blown 0, Blown
Most Economical Process Two Stage Two 5Stage Single Single
as per Table G-17 Stage Stage
Increased Energy Consumption
for Two 5tage System, MM Kwhr 3.6 2.42 2.03 1.17
Additional Energy Costs, .
M §/yr 144 . 097 . 081 047

Adjusted Table &-17
Incremental Operating '
Cost Advantage MM $/yr 76 243 .22l 197

Adjusted Table 6~17 Total

Incremental Annualized Cost

Advantage Qver Alternative

System, MM §/yr . 376 463 . 581 607

The two stage gquench system offers a potential opportunity for '’
energy conservation in that the heat extracted in the first stage
quench is of sufficient availability for the heating of bionlogical
wastewater treating units, such as activated sludge aeration tanks,
‘during cool weather. The energy recovery concept could feature the
circulatian of decanter overflow through coiis in the aeration tank
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enroute to the venturi scrubber. The heat abstracted would displace
steam allocated to the heating of the aeration tank plus fan energy
for the cooting tower associated with the displaced heat exchanger.

Economics of a Modified Two-Stage Quench Process

The results of the absorber performance predictions indicate that
essentially all the chlorides and fiuorides may be removed on one
theoretical stage. This is due to the re]afiver low volatility of
hydrogen chloride and hydrogen fluoride and their high ionization
potential values, The results suggest that a scaled down absorber
unit or a combination venturi scrubber and multiple mist eliminator
arrangement could achieve the desired strong electrolyte removal
capability. As stated before, the minimum quench rate is5 based on
that amount of water which is necessary to effectively remove tars
and oils from the system. This level of quench can be maintained
for the alternate processing schemes by reducing the quench water
temperature or ingreasing the guench water feed flow rate depending

con economics and technical constraints.

The economic projections for the single and two stage guench
processes were modified to incorporate the capital cost ﬁauings
realized as a result of using a smaller absorber unit. The absorber
unit was specified with two trays based on the theoretical tray
requirement of one tray and a tray efficiency of 50 percent. The
diameter of the abserber units remained unchanged for each case and
the vessel height was reduced according to the number of trays
removed. The economic¢ results for each case are shown in Table -
2. As can be observed, & size reduction of the absorber upits has
a significant effect on the total capital cost requirement for each
case. The outcome does not alter the original predictions for the
most economical process scheme for each case, but does suggest that
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optimization of the two stage guench process design could substan~
tially improve its cost effectiveness. Logic suggests that the
energy reguirement to perform the gas cleaning function should be
essentially the same for single stage and two stage quench systems.

Table 7-2: Comparative Economic Analysis of 5ingle Stage
and Modified Two 3tage Gas Cleaning System

INMinois IMlinois Montana Montana
No. & Ne. & Rosehud Rosebud
Air Blown @O, Blown Air Blown @, Blown
Most Eccnomical Praocess Two Stage Two Stage Single Single
as per Table 6-17 . Stage Stage
Incremental Capital Cost
Advantage, MM 3 2.035 2.05 1.617 1.963
Incremental Operating Cost _
Advantage, MM $/yr ¥ L34 .14 .15

Annwaiized Ingcremental
Capital Cast Advantage,
MM $/yr .33 .33 .258 .14

Total Incremental Annualized
Cost Advantage Over :
Alternative System, MM § .65 ' .67 .398 464

Percentage Change in Total
Incremental Annualized
Cost in Table 6-17 + 25% + 19.6% - 20.3% - 29.7%

7.6 Disposal Methods

Methodoltogy for the disposal of wastewater residues or solid waste
residues is often impossibie to defime prior to maturation of
regulatory negotiations. In the case of a proposed discharge of a
treated wastewater blowdown from a site in the vicinity of Wheeling,
West Virginia, store and discharge to the Ohio River was indicated
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to be relatively inexpensive and on par with the quality of pre-
vailing wastewater discharge practices. However, new installations
are generally rvequired to provide exemplary wasfewater treatmeny
and disposal fagcilities. It is guite conceivable that the discharge
of salts and trace levels of target substances would be unacceptable
in that the water is reused downstream many times prior to reaching
the Gulf of Mexico. The downriver uses include public water supply,
agricultural irrigation, recreatioen, fishing and industrial service
- all of which would be theoretically impacted by increased salinity
{even though it may be infinitesimal).

In the present state of development, evaporatien to dryness is not
considerad as an alternative that features general applicability.
On first analysis, it possesses inherent Fimitations of excessive
consumption of energy and ecenomic resources, Additional limita-
tions surface upon consideration of equipment life and of disposal
of the highly leachable dry residue. Regulatory perspectives
concerning the disposal of such materials can be very restrictive
in that the necessity of dispesal of residues may not be recog-
nized. However, as energy conservation and environmenta)l per-
spectives mature, it may become apparent that a potential oppor-
tunity exists for the production of a road salt product using heat
of low availability from coal conversion facilities. The conzept
seems more ratiopal than the present practice of discharging salt
bearing treated wastes into watercourses in additien te mining salt
for application to road surfaces which subsequently enters water-
courses as runoff.

The disposal of inorganic wastewater blowdowns to evaporation ponds
at a site in the yicinity of Carson City, Nevada appears ta be a
practical and presumably acceptable alternative. Regulations,
aesthetics and the availability of suitable land area are possible

limitations.
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The water management concepts developed in the study are consistent
with the objective of convergence on "“zero discharge." The low
volume concentrates obtained from application of two stage gas
quenching, or by desalination, are amenable to processing by dis-

posal methods that produce dry residues.
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8.0 CONCLUSIONS AND RECﬂHHEHDAfIﬂHS

8.1

8.2

8.3

The study developed an assoritment of findings relative to the
selected gasifier systems. The following conclusions and recommen-
dations are made on the basis of the findings and interpretations
of principal significance:

The results indicated that the alterpative of preliminary
abserpticn of halides by application of a two stage guench
system was a cost effective design procedure for operation of
the salected gasifier installation on Il1linais Mo, & coa)
containing 0.2% percent chloride and 0.01Z2 percent fluoride.
Subject to the assumptions employed in the study, the alterna-
tive of the two stage quench possessed a cost advantage over a
single quench system of 0.99 $/ton and 1.07 $/ton respectivaly
for gasifier operation air blown and oxygen blown.

The results indicated that a conventional single quench system
was the cost effective design procedure for operation of the
selected gasifier installation on Montana Rosebud coal contain-
ing 0.03 percent chloride and 0. 003 percent fluoride. Subject
to the assumtions employed in the study, the single quench
alternative possessed a cost advantage over a two stage quench
system of (.95 $/ton and 1.26 $/ton respectively for gasifier
operation air blown and oxygen biown.

The dominant variable affecting the cost effectiveness of the
alternatives was indicated to be the halide content of the
coal feed for situations inwolving substantial reuse of gas
condensate in cooling tower circuits. In terms of cost effec-
tiveness, the trade-off ¢oal halide concentrations between
single quench and two stage quench designs was indicated as
0.15 percent and 0.16 percent, expressed as chloride, for
gasifier operation air hiown and oxygen blown respectively.
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It was concluded that the two stage quench would be widely
applicable to coal conversion processes employing wet cleaning
of halide bearing gases such as are characteristic of many
Eastern coals.

The study demonstrated that a rational comparison of process
oriented and treatment oriented water management alternatives
is attainable by application of water quality criteria to
reuse circuits followed by economic analysis.

A refinement of the enginearing and economic analyses of the
study is recommended. The breoad base thermodynamic analysis
employed in the study was contingent upon the assumption of
equilibrium conditions in respect to target componpents at
celected points in the gas train. The analysis of the results
indicated that the formulation of a gas train design to make
the equilibrium assumptions realistic resulted in overdesign
relative to the removal of chlerides and fluorides. It is
believed that the gas train units required for a first stage
quench to colleckt tar, particulates and haltides could consist
of a wventuri scrubber, knockout drum and an efficient mist
eliminator. In addition, it is believed that the second stage
tar decanter could be designed as a sidestream device of
reduced size 1inasmuch as over 99 percent of the total tar
collected is indicated to be removed Wn the first stage.
Although the suggested design revisions would improve the
eccnemics of the twa stage quench system, the system possesses
the inherent economic burdens of a more complex controls
system, an extra tar decanter, and dual train condensate
processing systems.

The two stage quench system employed in the study featured a
larger energy loss im the gas train than the conventional
single quench system. However, logic suggests that the energy
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losses from single stage and two stage gas trains would be
similar for comparable performance in terms of particulate
removal and gas absorption. The deaign revisions suggested
under Item 8.5 would do much to provide for equalization of
energy consumption between the alternative systems.

Alternative control concepts were suggested to achieve the
collection of a selected fraction of the total gas condensate
in a first stage quench., Both control concepts are considered
to be viable from the engineering standpoint.

The complexity of the chemistry of thiocyanate formation
induced resort to empirical projections of thiocyanate concen-
trations in the gas condensates. Experimental verification of
expected thiocyanate residuals in secundary candensates is
recommended inasmuch as biological treatment for degradation
of organic matter will convert thiocyanate to¢ ammonia and
residual sulfate, a strong electrolyte. The presence of
strong electrolyte compromises the putentiai for reuse of the
condensate.

The setection of materials of fabrication for gas train units
was identified as an enigma. 5tudy estimates were based on
carbon stee) decanters and vessels although it was recognized
that the presence of halides and other aggressive substances,
possibly #n comjumction with low pH, could conceivably impair
the serviceability of the system. Coke plant experience
suggests that tar ceatings render carbon steel as an acceptable
material for many corrosive gas train environments. The
gituations involved in the study differ somewhat from coke
plant experience, therefore it is recommended that the materi-
als enigma be resolved by experimental investigation including
evaluation of pH control and corrvesion inhibitors. It is
noted that there could be significant materials differences
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between single stage and two stage gas guench systems, with no
advantage evident for either system.

The treatment of gas condensates by biological processes is
considered to be technically feasible on the hasts of an
extended although somewhat inconsistant perfeormance record.
Developmental studies are suggested to verify process applica-
bility to specific situations.

The desalination of effluents from biotreatment pfucesses by

raverse osmosis is considered to be technically feasible on
the basis of a Vimited record of inconsistent performance. It
is speculated that the coensistency of performance couid be
improved to acceptable levels by application of developmental
studies fincorporating upgraded pretreatment applicable to
aperation on the iporganic wastewater blawdown.

Reverse osmosis was indicated to be substantially less expen-
sive than thermal evaporation for desalination of inorganic

. wastewater blowdowns. Thermal evaporation was practical for

the desalination of reverse osmosis concentrates and conden~
sates from first stage quenching where the unit costs of
disposal exceeded evaporation costs. The existence of a
substantial source of heat of low availability at coal gasifi-
cation plants could improve the economic attract{veness of
thermal evaporation,

Incineration with disposal of salt cake to sea, using a two
stage gas quench system in conjunction with desalination by
reverse asmasis and thermal evaporation, was indicated as the
preferred disposal concept for inorganic wastewater blowdown
from a gasification plant operating on high halide coal at a
location in the.ui:inity of Whealing, West Virginia.
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8.14 Pond evaparation, using a single gas quench system in conjunc-
the preferred disposal concept for inerganic wastewater blow-
near Carson City, Mevada.

8.15 The water management concepts developed in the study are con-
 sistent with the objective of convergence on "zero discharge."
The low volume concentrates obtained from application of two
stage gas quenching, or by desalination, are amenable to
processing by disposal methods that produce dry residues.

tion with desalination by reverse osmosis, was considered as

down from a gasification plant operating on low halide ceal
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11.0 APPENDIX

The. evaluation of the concept of preliminary absorption of halides
involved the assessment of water managesent effects produced by
installation of alternative single stage and two stage gas quenching
systems on comparable gasifiers. During the course of the investi-
gation some detailed calculations were produced and some supporting
materials ware generated relative to auxiliary water management
systems. These materials are included in this section as a series
oF Appendices to the principal theme of the study. They are as
follows:

Appendix A - Gas Train Material Balances
Appendix B - Activated 5ludge Treatment
Appendix C - Disposal by Store and Discharge
dppendix 0 - Disposal by Store and Barge
Appendix E - Disposal by Pond Evaperation
Appendix F - Reverse Dsmosis Treatment
Appendix G - Economic Analysis

Appendix H - Thermal Evaporation

Appendix I - Materials of Canstruction
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11.0 APPENDIX A - GAS TRAIN MATERIAL BALANCES

Detailed material balances were prepared for the single stage
guench and twop stage gas trains illustrated in Figures 4-2 and 4-5
in Section 4. The results of the analysis are given in Tables 11-
Al to 11-A20, with stream numbers referenced to Figures 4-2 and 4-
5 The results pertain to air blown and oxygen blown gasifier
operation on I11inois Ne. 6 and Montana Rosebud Coals with variocus

moisture fractions condensed in the first stage gquench.
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TABLE 11=A1: GAS TRALN MATERIAL BALANCES,
ILLINM}S H). 6 COAL ~ GASIFIED WITH AIR,
SINGLE STAGE CONDENSATION AT 110°F

STREAN ND. % ] 2 3 __4
] ~ GAS AFTER CONDENSATE TAR FROM
PRODUCER SINGLE STAGE FROM SIMGLE SINGLE STAGE
DESCRIPTION GAS QUENCH STAGE QUEKCH QUENCH
Component
Mass Flow {1b/hr} )
H,0 157000, 4734, 162200.
NH, 820.7 12.49 808.2
co, 119300, 117600, 1634 ..
H,y$ 4540, 4463, 76. 81
HCN 132.5 106.0 26. 48
HCT 321.4 9.3a2 x 10719 3121.4
HF 15.87 4.677 x 10”8 15.87
co 78600 . 78600,
H, 8577. B577.
CH, 7230. 7230.
CHe 1193. 1193,
N, 257100. 257100,
Phenol 563.0 20. 90 506, & 35.48
Tar/01) 1750, : 10.5 1740.
Total Filow (1b/7hr) 537100, 479600, 155600. 1775,
Temperature (°F) 400 110 130 ) - T30
Pressure {psia) : 95,6 95.0 : 5.1 851

Candensate pH 7.1
- *Reference Figure 4-2
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: TABLE 11-A2: GAS TRAIN MATERIAL BALANCES,
ILLINOIS NO. .6 COAL - GASIFIED WITH AIR, TWD STAGE QUENCH WITH

SX OF THE WATER VAPOR CONDEMSING IN THE FIRST STAGE

TREAM NO.*® 1 2 3 q_ 5 3 7
GAS AFTER  CONDENSATE  TAR FROM GAS AFTER  CONDEN OIL FR
PRODUCER FIRST STAGE FROM FIRST  FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  GUENCH QUENCH STAGE QUENCH QUENCH

Component

Mass Flow {lb/hr)

H,0 157000. 149100, 7848, 4743, 144400,

NH 820.7 £54.6 166.1 11. 42 643.2

co, 119300,  119360. 2.086 117600, 1632,

HyS 4540 4539 6.2707 4463, 76.04

HCN 132.5 132.5 0.01346 107.1 25,42

HC 321.4 3.524 x WY 3214 1.028 x 10°1° 3.524 x 1074

HF 15.87 0.7142 15.16 2.128 x 1077 0.7143

o 78600. 78600. 78600,

M, 8577. BE577. 8577.

CHy 7230, 7230, 7230,

€,He 1193. 1193, 1193,

N, 257100. 257100, 257100,

Phenol 563.0 538.8 16.59 7.623 22.46 516. 3 0. 065

Tar/0i1 1750. 12.22 1728, 10.% 1.715

Total Flow {Ib/hr)  B37100.  627000. 8370, 1746, 479700 147300, T.78

Temperature {°F) 400 249.2 256 256 110 130 130

Fressure {psia) 975 95.0 97.0 97.0 94.9 95.0 95.0

Condensate pH 5.53 7.14

*Reference Figure 4-5
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TABLE 11-A3: GAS TRAIN MATERIAL BALANCES,
ILLINOIS NO. & COAL ~ GASIFIED WITH AIR, TWQ STAGE QUENCH WITH
10% OF THE WATER VAPOR CONDENSING IN THE FIRST STAGE

STREAM ND.* 1 2 3 3 5 6 7

GAS AFTER  CONDENSATE  TAR FROM GAS AFTER CONDENSATE  DIL FROM
PRODUCER FIRST STAGE  FROM FIRST  FIRST STAGE STCOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  OUENCH QUENCH STAGE QUENCH QUEKCH

Companent,

Mass Flow {Ib/hr)

H,0 187000, 141300, 15696, 4747, 136500.

NH., 820.7 650, 0 170.7 12.41 637.6

co, 119300, 119300. 5,644 117642, 1610.

HyS 4540). 4539, 0.7263 A464 . 74.62

HCH _ 132.5 132.5 §.03319 108.2 24,32

HC1 | 321.4 7.683 x 1077 321.4 2.264 x 10°'° 7.683 x 10°°

HF 15.87 0.1776 15.70 5.334 x 1073 0.1776

Co 78600, 78600, 78600,

H, - BS77. 8577. - 8577,

CH, 7230. 7230. 7230,

€ He 1193. 1193. 1193.

Ny 257100,  257100. 257100.

Phenal 563.0 5203 34.68 8.046 22 .87 497.3 0. 064

Tar/041 1759. 12,186 1738. 10.5 © 1.663

Total Flow (1b/hr) 637100, 619200, 16240, 1736, 479700. 139300. 1.73

Temperatuve {%F) 400 245.9 253 253 110 130 130

Pressure (psia) 97.5 95.0 97.0 a97.0 94 9 95.0 a95.

Condensate pH 5.77 7.1%

*Reference Figure 45
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TABLE 11-A4:

GAS TRAIN MATERIAL BALANCES,

ILLINOIS ND. 6 COAL - GASIFIED WITH AIR, Tw(Q STAGE QUENCH WITH
20% OF THE WATER VAPOR CONDEWSING IN THE FIRST STAGE

STREAM NO_* ] P 3 4 5 6 7

GAS AFTER  CONUENSATE — TAR FROM  GAS AFTER  CONOENSATE OIL FROM
PRODUCER FIRST STAGE FROM FIRST  FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUERCH STAGE QUENCH __ QUENCH QUENCH STAGE QUENCH QUENCH

Component

Mass Flow (1b/hr)

H 0 157000. 125640, 31390. 4736. 120800.

NH, 820.7 639.4 181.3 14.82 624.6

co, 119300.  115200. 16.63 117700. 1560.

H,S 4540, 4538, 2.126 4466. 71.48

HCN 132.5 132.4 0.09381 110.4 22.05

HE 32).4  1.49 x 107°  321.4 4,521 x 1077 1,496 x 1077

HF 15.87 0.03691  15.84 1.132 x w8 0.03691

Co 78600.  78600. 78600.

Hy 8577. 8577. 8577.

CH, 7230. 7230. 7230,

CH 1193. 1193. 1193,

N, 257100.  257100. 257100,

Phenol 563. 480.7 73.65 8.692 23,74 456.9 0.061

Tar/0i1 1750. 12.02 1738, 10.5 1.523

Total Flow (Ib/hr)  637100. 603300, 32000, 1747, F79800. ~123500. 7,68

Temperature {%F) 400 240.5 247 247 110 130 130

Pressure {psia) 97.5 95 0 97.0 97.0 94,9 95.0 95.0

Condensate pH &.10 1149

*Reference Figure 4-5
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TABLE 11-A5: GAS TRAIN MATERIAL BALAKCES,
ILLINDIS MO. & €0AL - GASIFIED WITH AIR, TWQ STAGE QUENCH WITH
30% OF THE WATER VAPOR COMDEWSING IN THE FIRST 3TAGE

STREAM NO.* ) 2 3 ] 5 3 7
GAS AFTER COHDENSATE TAR FROM AFTER CONDE L

PRODUCER FIRST STAGE FROM FIRST FIRET STAGE SECOND S5TAGE  FROM SECOND  SECORD STAGE
DESCRIPTION GAS GUENCH STAGE QUENCH QQUENCH (QUENCH STAGE QUENCH QUENCH
Component
Mass Flow {1b/hr}
HED 157000, 108304. 47090. 4731. 105100,
HH3 8240.7 B24.2 196.5 17.93 E06.3
CUE 119300. 119200. 35.35 117704. 149¢,
HES 4540. 4535, 4,444 4467, 67.76
HCM 132.5 132,13 0. 2005 112.7 19.67
HC) 321.4 4.800 x 1078 321.4 1.503 x 107 4.800 x 10°°
HF 15.87 0.0121¢9 15.86 3.858 » Iﬂ'g 0.01279
co 78600, 78600. 78600,
H2 8577, BL77. BL77.
CHﬂ 7230, 7230, 7230.
CEHE 1193. 1193. 1193,
H2 257100. 257100. . 257100,
Phenal 563. 437.0 116.6 9,357 24.81 412.3 0. 059
Tar/011 1750. 11.92 1738. 10.5 1.818
Total Flew {1b/hr) &37100. 527500, 47780. 1747, 479800, 107700, 1.48
Temperature (°F) 400 234.8 242 242 110 130 130
Pressure {psia) 97.5% 95.0 97.0 o7.0 04.9 g85.0 95.0
Condensate pH 6.33 7.24

*Reference Figure 4-5
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TABLE 11-AB: GAS TRAIN MATERIAL BALANCES,
ILLINOIS NO. & COAL - GASIFIED WITH OXYGEN,
SINGLE STAGE CONDENSATION AT 110°F

STREAM WD, * 1 F; 3 3
GAS AFTER CONDENSATE TAR FROM

PRODUCER SINGLE STAGE FROM SINGLE STNGLE STAGE

DESCRIPTION GAS QUENCH STAGE QUEMCH QUENCH

Component

Mass Flow {ib/hr)

H,0 223000, 2556, 220400,

NK ‘822.5 1.795 820.7

co, 134400, 132400, 1967.

H,$ 4545 4446, 98.70

HCN 133.0 80. 3 52.69

HEY 3211 9.954 x 10717 3211

HF 15. 64 4.972 x 1070 15.64

€0 63960. 63960,

H,, 8790, 8790,

CH, Y010, 10110,

C,H, 1176. 1176,

N, 1739, 1739,

Phenc] 563.0 &, 137 529.5 25, 32

Tar/0i) 1750, 10.5 1740,

Total Flow [ 1b/hr) 451300, 225300, 224200, 1760.

Temperature {°F) 400 110 130 130

Pressure {psia} 95.6 95.0 45, 1 95.1

Condensate pH 6.66

*Reference Fiqure 4-2
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TABLE 17-A7: GAS TRAIN MATERIAL BALANCES,
ILLTNGTS KO. & COAL - GARSEFIED WITH OXYGEMN, TWO STAGE QUENCH WITH
: 5% OF THE WATER VAPOR CONDENSIMNG IN THE FIRST STAGE

STREAM NO.* 1 Z . 3 ] 3 3 7

GAS AFIER ONDENSA A H A5 A E O FROM
PRODUCER FIRST STAGE FROM FIRST FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESERIPTIGN GAS QUENCH STAGE QUENCH  QUENCH QUENCH STAGE OUENCH QUENCH

Component

Mass Fliow {1b/hr)

H,0 223000, 211800, 11150. 72559, 209200.

NH.y #22.5 657.4 165.1 1.638 655. 8

co, 134400,  134400. 4.130 132500, 1946

HyS 4545 . 4545, 0.4379 4448 . 96. 53

HEH 133, 133. 2.639 x 1075 81.93 51.07

CHEY 321.1 1.062 x 1070 321.1 3.318 x 10°1° 1.062 x 1073

HF 15. 64 1.934 13.70 o 6.228 x 1077 1.934

o 63960, 63960, 63960,

H2 8790, 8790. _ 8790,

CH, 10110, 10110, 10110,

€M, 1176. 1176. 1176.

N, 1739, 1739, 1739.

Phenol 563, 542 .4 1%. 86 4.723 £.639 533.7 0.071

Tar/031 1750. 13,16 1737. 10.5 2.66

Total Flow (1b/ht) 451300, 437900, 11670. 1742, 225400, 212500, 7.73

Temperature {°F) 400 282.9 292 292 110 130 130

Fressure {psia) 87.5 35.0 97.0 97.0 94.9 95.0 - 95.0

Londensate pH : 5.23 6.69

*Reference Figure 4-5
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TABLE 11-AB: GAS TRAIN MATERIAL BALANCES,
ILLINGIS NCG. 6 COAL - GASIFIED WILITH OXYGEN, TWO STAGE QUENCH WITH
10% OF THE WATER VAPOR CONDENSIMWG IM THE FIRST STAGE

STREAM ND.X § 2 3 4 5 b !
GAS AFTER [% HsA T Tt 0

PRODUCER FIRST STAGE FROM FIRST  FIRST STAGE SECONMD STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH QUENCH QUEMCH STAGE QUENCH QUENCH

Component

Mass Flow {1b/hr}

Hzﬂ 223000, 200700, 22300, 2B5H2, 198100,

HH3 B22.5 651.5 171.1 1.781 649. 7

Cﬂz 134400, 134404, 9. B65 132500, 1913,

HZS 4545, 4544, 1. 062 4450, 9.0

HCH 133.0 133.10 b.581 x 10-3 81.62 49. 37

HCY 3211 2.542 x 107 3210 8.002 x 10 '% 254z x 107%

HF 15. 64 0.5507 15, 0% 1.785 x 1'.'Zl-]r . 5507

co 63960, 63960, 63960,

Hz a7aq, A790, B790

CH4 10110. 10170. 10710,

EEHﬁ 1176. 1176. 1176,

H2 173%9. 1739, 1739,

Phenol 61, 525.0 33.03 4,942 A2 824 516.1 0.072

Tar/Gi1 1750, 13.13 1737, 10.5 2.625

Total Flow (1b/hry &51300. 426700 22850, 1742, 225400, 201300, 2.70

Temperature {°F) 400 280. 3 289 289 110 130 130

Pressura (psia) 97.5 55.0 97.0 97.0 94 9 95.0 95.0

Condensate pH 5.49 6.71

*Reference Figure 4-5
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TABLE 1¥=-AS: GAS TRAIN MATERIAL BALANCES,
ILLINCQIS 0. & COAL - GASIFIED WITH QXVYGEM, TWD STAGE QUENCH WITH
20% OF THE WATER VAPOR CONDEMNSING IN THE FIRST STAGE

STREAM NO. % 1 ] 3 - g 5 3 7
GAS AFTER CONDENSATE  TAR FROM  GAS AFTER  CONDENSATE ~ OIL FROM
PRODUCER FIRST STAGE FROM FIRST  FIRST STAGE SECOND STAGE FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  QUENCH QUENCH STAGE QUENCH QUENCH
Component

Mass Flow {1b/hr) .

H,0 223000.  178400. 44590, 2557, 175800.

NH, 822.5 639.5 183.0 2.136 637.4

co, 134400.  134400. 24.86 132500. 1843.

H,$ 4545, 4542 2.778 - 4454 _ BS.75

HCN 133.0 133.0 0.61905 87.22 45,76

HC 321.1 5.388 x 10°°  321.1 1.727 x 0% 5.388 x 107°

HF 15.64 0.1251 15.51 4.120 x 1078 90,1251

Co 63960. 63960. 63960.

H, 8790. 8790. | 8790.

CH, 10110. 10110. 10110.

C M, 1176. 1176. 1176.

N, 1739. 1739. _ 1739.

Pheno) 563, a87.6 - 70.09 5. 288 9.216 478.3 0. D69
Tar/0i1 1750. 12.92 1737 10.5 2.415
Total Flow (1h/hr) 451300, 404400, 45210, 1732 225400 . 178900 Z. 48
Temperature (°F} -~ 400 276.1 285 285 110 130 130
Pressure (psia) 97.5 96_0 97.0 97.0 94.9 950 95.0
Condensate pH _ 5.81 6.75

*Reference Figure 4-5
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TABLE 171=A10: GAS TRATN MATERIAL BALANCES,
TLLINOIS NQ. & COAL = GASIFIED WITH OXYGEN, TWO STAGE (QUENCH WITH
30% OF THE WATER VAPQOR CONDENSING IN THE FIRST STAGE

STREAM NO. X i 2 3 g 5 B 7

GAS AFTER CONDENSATE TAR FROM GAS AFTER CONDENSATE QIC FROM
PRODUCER FIRST STAGE  FROM FIRST  FIRST STAGE SECOND STAGE  FROM SECOND SECGMD STAGE

DESCRIPTICN GAS DUENCH STAGE QUENCH DUENCH QUERCH STAGE QUENCH QUENCH

Component,

Mass Flow {1b/hy)

H,0 223000. 1%6100. 66890 . 2555, 153500.

NH.y 822.% 623.8 198.7 2. 604 621.2

co, 134400 134400 46.55 132600. 1762.

H,$ 4545, 4540 5. 365 4457, B3.10

HCN 133.0 122.0 0.04221 91.14 4i1.82

HC1 321.1 1.842 x 1079 321.1 6.068 x 1077 1.842 x 1072

HF 15.64 0.04375 15.59 1.474 % 1078 0.04375

Co 63960, 63960. 63960,

H, 8790, 8790. 8790,

CH, 10110. 10114, 10110.

C,He 1175. 1176. 1176.

L 1739. 1739. 1739.

Phenc 563. 444, 2 111.1 5. 644 9.63 436.5 0.06%

Tar/011 1750. 12. 81 1737, 10.5 2.310

Total Flow {(1b/hr) 451300, 382000, 67590, 1743, 225500, 156400 . 7,38

Temperature {(°F) 4p0 271.6 283 281 110 130 130

Pressure (psia) 97.5 95. 0 97.0 97.0 94, 9 95,0 95. 0

Condensate pH .05 6.79

*Reference Figure 4-5
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TASLE 11-A11:; GAS TRAIN MATERIAL BALANCES,
MONTANA ROSEBUD COAL - GASIFIED WITH AIR,
SINGLE STAGE CONDENSATION AT 110°F

TREAN MO 3 2 3 Z
GAS AFTER CONDENSATE TAR FROM
PRODUCER SINGLE STAGE FROM SINGLE SINGLE STAGE

OESCRIPTION GAS QUENCH STAGE QUENCH QUEMCH
Component -
Mass Flow {1b/hr

Hy0 67960, 3326. 64630,

NHg 816.9 41.95 775.0

co, 91630, 89870, 1752,

HyS 1332, 1303, 28.46

HCN 130.6 113.0 17.60

HC1 318.86 7.756 x 107" 38.86
HF 1.908 7.541 x 1077 1.908
co 59110. 59110,
H, 6845, 5845,
CH, 4816. 4816.
C Mg 908. 1 908. |
N, 181500. 181500.
Phene) 500.0 28.04 407.1 64, 85
Tar/0i1 1625. 9.75 1615.
Tata) Flow (1b/hr) AT5200. 353900 §7650. T680.
Temperature (°F) 400 110 130 130
Pressure (psia) 95.6 95.0 95.1 95. %
Condensate pH - 7.52

*Reference Figure 4-2
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TABLE 11-A12: GAS TRALN MATERIAL BALANCES,
MONTANA ROSEBUD COAL - GASIFIED WITH AIR, TWO STAGE QUENCH WITH
&% OF THE WATER VAPOR COMDENSING IN THE FIRST STAGE

STREAM ND.* i Z 3 3 5 & 7

GAS AFTER  CONDENGATE  TAR FROM N FROM
PRODUCER FIRST STAGE FROM FIRST FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  QUENCH QUENCH  STAGE QUENCH  QUENCH

Component '

Mass Flow {1b/hr)

H,0 57960, 64560, 1308, 3325, 61240,

NH, 816.0 790.8 26.14 9417 746.6

co, 91630. 91520. 4.049 29890, 1729.

H,S 1332. 1332. 0.1885 1304. 27.03

KCN 130.6 130.5 0.03120 113.7 16.84

el | 18.86 2.619 x 100°  33.86 5.309 % 10" % 2.6¥9 x 1078

HF 3.908 0. 01344 3.895 2.63t x 10°° 0.01344

o 59110. 59110, 59%10.

W, 5845, 5845, 5845,

CH, 4816. a816. 4816.

C,Hg 908. 1 908, 1 908. 1

N, 181500, 181500. 181500.

Phenal 500. 468.0 15. 45 V6.58 31.70 436.1 6. 097

Tar/Gil 1625, 10.97 1614, 9.75 1.219

Total Fiow (167hry 816200 ATTT00. TI8T T63T. 395000, BA200 T3

Temperature (°F) 400 227.0 230 230 110 130 130

Fressure {psia) 7.5 95.0 97.0 97.0 : 94.9 95.0 95.0

Condensate pH 6. 50 . 7.54

*Reference Figure 4-5
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TABLE 11-Al3: GAS TRAIN MATERIAL BALANCES,
MONTANA RDSEBUD COAL - GASIFIED WITH AIR, TWO STAGE QUENCH WITH
10% OF THE WATER VAPOR CONDENSING IM THE FIRST STAGE

STREAN WD, * ] zZ_____ 3 S 5 6 7

GAS AFTER  CONDENSATE  TAR FROM GAS AFTER  CONDENSATE OIC FROM
PRODUCER FIRST STAGE  FROM FIRST  FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  (WIENCH QUENCH STAGE QUENCH QUENCH

Component

Mass Flow {1b/hr)

H,0 67960. 61160. 6796. 1322, 57840,

NH, 816.9 783.8 33.07 37.43 736.3

co, 91630. 91610, 12.83 89920, 1693,

H,$ 1332. 1331, 0.5768 1304, 27,23

HCN 130.6 130.5 0.075%16 114.5 16.05

HC) 36.86 7.045 x 107 38.86 1,450 x 10718 7,045 x 1077

HF 3.908 3.737 x 1073 1,904 7.488 x 10710 3,737 x 1073

co 59114, 591140, 59110.

Hy 5845, 5845, 5845,

CH, 4816, 4816. 4816.

e He 908, 1 308.1 308, 1

N, 181500, 181500. 181500,

Pheno} 500, 451.0 N.77 17.20 32,21 118.7 0.092

Tar/03) 1625. 10, 89 1614, 9.75 1.138

Total Flow (1b/hr} 416200, 407700, G917, 1631. 346900, 50730, T1.23

Temperature {°F) 400 224.5 227 227 110 130 130

Pressure (psia} 97.5 95.0 97.0 7.0 94.9 95.0 95.0

Condensate pH 6.7a 7.55

*Reference Figure 4-%
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TABLE 11~Al4:

GAS TRAIN MATERIAL BALANCES,

MONTANA ROSEBUD COAL - GASIFIED WITH AIR, TWe STAGE QUENCH WITH
' 20% OF THE WATER YAPOR CONDENSING IN THE FIRST STAGE

STREAM NO.* 1 Z 3 4 5 b 7
GAS AFTER  CONDEWSATE - TAR FROM GAS AFTER  CONDENSATE  OIL FROM

PRODUCER FIRST STAGE  FROM FIRST  FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  QUENCH " QUENCH STAGE QUENGH QUENCH

Component

Mass Flow {1b/hr) ]

H,0 67960. 54370. 13590, - 3315. 51050.

NH. 816.9 764.7 52.19 54,80 709.9

co, 91630, - 91590, 40.93 89980, 1609.

H,S 1332. 1330. 1.756 1304, 25.61

HCN 130.6 130.4 9.2074 116.0 14.42

HEY 38.86 1.797 x 107/ 38.86 3.927 x 10719 1,797 x w7’

HF 3.908 9.774 x 1074 3.907 2.000 x 107'% g.774 x 107}

co 59110. 59114. 59119. '

Hy 5845, 5845, 5845,

CH, 4216. 4816, 4316.

CoH, 908, | 908, | 308, 1

Ny 181500, 181500, 181500,

Phenol 500. 414.7 66.79 18.46 112 281.4 0. 091

Tar/03) 1625, 10. 84 1614, 9.75 1.08%

Total Fiow (1b/hr} 416200, 400800, 13790, 1632, 347000, 53790, 1.18

Temperature {°F) 400 219.3 222 222 110 130 130

Pressure (psia} 97.5 95.0 97.0 97.0 94,9 95.0 . 95,0

Condensate pH 6.99 7.59 :

*Reference Figure 4-5
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TABLE 11-A15%: GAS TRAIN MATERIAL BALANCES,
MONTANA ROSEBUD COAL - GASIFIED WITH AIR, TWO STAGE QUENCH WITH
30% OF THE WATER VAPOR CONDENSING IN THE FIRST STAGE

STREAM NO_* 1

PRODUCER FIRST 3STAGE

7 3 7 —% 5
GAS AFTER CONDERSATE TAR FROM GAS AFTER CONDENSATE

FROM FIRST

FIRST STAGE SECOND STAGE

FROM SECOND

? .
iIL FROM

SECONO STAGE

*Reference Fiqure 4-5

DESCRIPTION GAS QUENCH  STAGE QUENCH  QUENCH QUENCH  STAGE QUENCH  QUENCH
Component
Mass Flow {1b/ht)
Hy0 67960. 47570, 20390, 3308, 44260,
NH, 816.9 738.9 77.95 63.68 £75.3
€0, 91630. 91540, 81.82 90040. 1505.
H,5 1332 1328, 3.355 - 1305. 23.69
HCN 130.6 130.2 0.4172 7.4 12.73
HC 38.86 7.477 x 1070 28.86 1.753 x 10712 7,477 x 1078
HF 3.908 4.142 x 1074 3.508 9.193 x 107" 4,182 x 107?
o 59110, 59110, 59110.
Hy 5845. 5845. 5845,
cH, 4816. a876. 4816,
C,H; 908.1 908.1 908. 1
N, 181500,  181500. 181500,
Phenol 500. . 375.6 104.7 19,77 34,26 341, 2 0,088
Tar/0i1 1625. 19.73 1614, 9.75 0.975
" Total Flow (1b/hr) 416200, 393900, 20700, T634. 337700, 36820 T, 06
Temperature (°F) 400 213.6 217 217 10 130 130
Pressure {psia) 97.5 95. 0 97. 0 87.0 9.9 95,0 95.0
Condensate pH 7.10 7.03
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TABLE 11-Al6: GAS TRAIN MATERIAL BALANCES,
MONTANA ROSEBUD COAL - GASIFIED WITH OXYGEN,
SINGLE STAGE CONDENSATION AT 110°F

*Reference Figure 4-2

STREAM ND_* 1 2 3 K
GAS AFTER CONDENSATE — TAR FROM
PRODUCER SINGLE STAGE FROM SINGLE SINGLE STAGE
DESCRIPTION GAS QUENCH STAGE QUENCH QUENCH
Component '
Mass Flow [1b/hr}
Hy0 56930, 2523. 54470,
NH, 826.0Q 32.30 793.7
co, 105900, 104000. 1827.
H,S 1322. 1296. 26.18
HCN 130.3 111.5 18.87
HE 38. 80 8.452 x 1071 38.90
HF 3.880 8.024 x 107’ 3.880
Lo 445540, 45540,
H, 2070, 12170,
CH 4 65825. 0825,
E,H, 916.7 916.7
N, 1281. 1281.
Phenol 500.0 25.00 398.0 77.02
Tar/0i1 1625. 9.75 1615,
~ Total Flow {(1b/hr) 235000, 175706. 57520, 1692,
Temperature {°F) 400 110 130 130
Pressure {psia) 95.6 . 35.0 95,1 95,1
Condensate pH 7.86

t
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TABLE 11-A17: GAS TRAIN MATERIAL BALANCES,
MONTANA ROSEBUD COAL - GASTFIED WITH OXYGEN, TWD STAGE QUENCH WITH
5% Of THE WATER VAPOR CONDENSING IN THE FIRST STAGE

STREAM RD. * 1 7 3 T

-

3 3
GAS AFJTER COWDENSATE TAR FROM GAS AFTER CONDENSATE  OLL TROM
PRODUCER FIRST STAGE  FROM FIRST  FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  QUENCH QUENCH STAGE QUENCH QUENCH
Component,

Mass Flow {(1b/hr}

H,0 56930, 54090. 2847, 2522, 51560.

N, 826.0 799.6 26. 44 34.09 765.5

to, 105900. 105900. 4.764 104100, 1802.

H,S 1322. 1322. 0. 1942 1296. 25. 69

HCHN 130.3 130.3 0. 02768 M2.2 18.05

HE 38.90 2.903 x 10°%  38.90 6.433 x 10 '8 2.963 x 107°

HE 3. 880 0. 01446 3.866 3.031 x 1072

£0 46540, 46540, 36530,

H, 12170, 12170, 12170,

CH, 6625, 6825, 6825,

€,Me 916.7 916, 7 916.7

K, 1281. 1281. 1281.

Phenal 500, 465. 5 15.23 14.36 28.77 436.6 0. 3120
Tar/0i1 1625. 1. 00 16. 14 9,75 1.251
Total Flow (Ib/hr) 235000, 230500, 2936. 1633, 175800 54510, 1.37
Temperature (°F) 400 231.1 234 234 110 130 130
Pressure {psia) 97.5 95.0 7.0 7.0 94.9 5.0 95.0
Condensate pH G.49 . 7.48

*Reference Figure 4-5
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TABLE 11-A)18: GAS TRALN MATERIAL BALANCES,
MONTARA ROSEBUD COAL - GASIFIED WITH OXYGEN, TWO STAGE QUENCH WITH

10% DF THE WATER VAPOR CONDENSING IN THE FIRST STAGE

STREAM NO.* i 3 N I 5 & 7
GAS AFTER  CONDENSATE — TAR FROM —  GAS AFTER  CONDENSATE — OIL FROM -

PRODUCER FIRST STAGE FROM FIRST FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  QUENCH QUENCH STAGE QUENCH QUENCH

Component

Mass Flow (1b/he)

H,0 56930.  51240. 5693, 2520. 48720.

NH,5 826. 0 792.1 33.96 - 15. 71 755,31

co, 105900.  105900. 14.97 1041090, 1765.

H,S 1322, 1322, 0.5893 1297. 25.05

HCH 130.2 130.3 0.06698 113.0 17.21

HE 38.90 7.904 x 1077 18,90 1.788 x 1008 7.904 x 1077

HE 3.880 4.087 x 1073 3,876 8.706 x 107" 4.087 x 1073

co 46540 46540. 465410,

H, . 12170, 12170, 12176

eH, 6825, 6825, 6825,

€ He 916.7 916.7 916.7

N, 1281, 1281, | 1281.

Phenol 500. 448 .7 31.32 20.02 29,24 419, 3 0.121

Tar/Di1 1625. 10.99 1614. 9.75 1.235

Total Flow {Tb/hry Z35000. 227600, 5817, 1637. 1752800, 51700, 1.36

Temperature (°F) 400 228 4 237 23] 110 130 130

Pressure {psia) 97.5 95. 0 a7.0 97.0 94. 9 95.0 95.0

Condensate pH b.73 7..50

*Reference Figurs 4-5
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TABLE F§-A9:

GAS TRAIM MATERIAL BALANCES,

MONTAMA ROSEBUD COAL - GASLIFIED WITH OXYGEW, TWQ STAGE QUENCH WITH
20% OF THE WATER VAPOR CONDENSING IN THE FIRST STAGE

STREAM HO. * ) 2 3
GAS AFTER  CONDENSATE
PRODBUCER FIRST STAGE  FROM FIRST

5 3 Bk

TAR FROM
FIRST STAGE SECOND STAGE

GAS AFTER CONDENSATE L
FROM SECOND SECOND STAGE

DESERIPTION GAS QUENCH  STAGE QUENCH  QUENCH QUENCK  STAGE QUENCH  QUENCH
Component

Mass Flow (1b/hr)

H,0 56930, 45550, 11390. 2513, 43030.

M, 826.0 771.4 54. 66 4264 728.7

to, 105800. 105800, 46.74 104100, 1677.

H,S 1322. 1320. 1.758 1297, 23.55

HEN 130.3 130.1 0.1862 114.7 15.48

HC 38.90 2.067 x 1077 38.90 4.923 x 1077 2.067 x 1077

HF 3.880 1.096 x 107> 3.879 2.436 x 10°'% 1,096 x 1072

co 46540, 46540, 46540,

H, 12170, 12170. 12170.

CH, 6825, 6825. 6825,

€M, 916.7 916.7 916.7 )

N, 1281, 1281. 1281.

Phenol 500. 412.7 65. 86 21.49 30.17 382.4 0.114
Tar/Dil 1625. 10.87 1614. 9.75 1.121
Total Flaw (10/hr} Z35000.  221700. 11600, T835. 175800. 45560, 1.24
Tenperature {°F) 400 223.3 226 226 110 130 130
Pressure (psia) 97.5 95.0 97.0 97.0 94.9 95.0 95.0
Condensate pH 5.94 7.54

*Reference Figure 4-5
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TABLE 71-A20: GAS TRAIN MATERIAL BALANCES,
MONTANA RDSEBUD CDAL - GASIFIED WITH OXYGEN, TWO STAGE QUENCH WITH
0% OF THE WATER VAPOR CONDENSING IN THE FIRST STAGE

STREAM HO, * 1 Z 3 ) g B ~7
GAS AFTER  CONDENSATE  TAR FROW  GAS AFTER  CONDENSATE  OIL FROW

PRODUCER FIRST STAGE FROM FIRST FIRST STAGE SECOND STAGE  FROM SECOND SECOND STAGE

DESCRIPTION GAS QUENCH STAGE QUENCH  QUENCH QUENCH STAGE QUENCH _ QUENCH

Component

Mass Flow (1b/hr)

H,0 56930, 39850, 17080. 2506. 37350.

i, 826.0 743.7 az. 19 49.82 693.8

o, 105900.  105800. 92.18 104200. 1570.

H,S 1322. 1319. 3.319 1297. 2y.79

HCN 130.3 129.9 0.3776 116.3 13.68

HC1 38.90 8.731 x 1078 1a.90 2.226 x 10012 .73y x 1078

HF 3.880 4.711 x 1074 3.880 v.100 x 10 '0 4.7%y x 1077

co 45540, 46540, 46540,

I-I2 12170, 12170, 12170,

CH4 BA25. G825, 6825.

¢ Mg 916, 7 91,7 9167

", 1281, 1281, 1281,

Phenol 500. 0 373.7 103.3 23.0 .12 342.5 0. 106

Tar/011 162%, 10,75 1614. 9.7% 1. 008

Total Flow {1D/hr} 235000, 2 VGO0D. 17400. 1637. 175900, 39990 1.1

Temperature {°F) 400 217.6 221 293 130 130 130

Pressure {psia} 975 95.0 57.0 97.0 94.9 95.0 95.0

Condensate pH 7.05 7.59

*Reference Figure 4-5
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11.0 APPENDIX B - ACTVIVATED SLUDGE TREATHMENT

A wastewater treatment concept was developed to biologically treat
the bottoms from the ammonia stripper by the activated sludge
process., The process flowsheet illustrated in Figure 11-81 included
storage of inflow, cooling, aeration, settliing and dual media
filtration. The food tec microorganism ratio was 0.05 pounds of
phenal per day per pound of mixed ligquor volatile suspended salids.
The aeration tank temperature was maintained between 75 and 90°F.
Excess sludge from the bio-reactors and solids from filter backwash
werg concentrated by dissalved air flotation prior to dewatering on
belt presses. The pressed sludge cake was spread on the coal pile
for feed to the gasifier. The performance of the activated sludge
plant was estimated from correlations with waste freatment results
at coke plants and gasification plants.

Estimates for wastewater treatment by the activated siudge process
werea prepared from engineering flow sketches and equipment 1ists
for three flow and organic loading situvations. For estimation
purposes the components of the activated sludge system were seqgre-
gated into cost modules correlated to input flow ar inpput phenol
1oading. Estimates were prepared for flow/phenal situations per-
taining to 5 gpm/370 b per day, 62 gpm/1600 1bs per day and 600
gpm/ 11000 1b per day. Compenents allocated to flow included input
wastewater storage, clarifTiers, deep bed filters, wastewater pumping
facilities and control buildings. Components allocated to pheno]
toading incltuded aeration tanks and mechanisms, as well as sludge
dewatering and disposal Tacilities. The segregated cost modules
facilitated the factaring of estimates of activated sludge systems
to intermediate flow and Yoading situations.

The estimates of capital) cost components of activated sludge treat-
ment are summarized in Figure 11-B2 for flow and in Figure 11-B3
for phemal. Phenol was selected as the wastewater strength

B/t
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parameter inasmuch as there exists a broader data base for phenol
than for BOD relative to coal conversion wastes. The total esti-
mated cap"itﬂ cost s obtained as the sum of the flow and phencl
components. Dperation and maintenance costs were esiimated as
differences between single stage and two stage gquench systems.
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11.0 APPENDIX € - DISPOSAL BY STORE AND DISCHARGE

A concept was prepared to receive treated effluent from the acti-
vated sludge process for disposal by store and discharge. The
store and discharge congcept illustrated in Figure 1Y-C1 provided
for storage of the waste lined lagoons for a period of up to 4-
manths so as to #nable avoidance of discharge during pericds of low
flow or when the chloride concentration in the receiving stream was
above 250 mg/1. The concept would be inapplicable in the area of
the Carson City site and would be of uncertain applicability at the
Wheeling site - depending upon regulatory negotiations.

The store and discharge appreach is not considered as an ideal
means of disposal of inorganic wastewater residues from Wheeling,
West Firginia because the inorganic salts would slightly impact a
large number of lower riparian users along the Ohic and Mississippi
Rivers. The concept is best suited for discharge to tida) waters.
However, the <oncept 1is superior to prevailing discharges from
nearby coke plants that provide no storage of treated effluent. In
addition, the concept i3 a comparatively econcmical means of dis-
posal witheut contravention of water quality standards (Section
4.9}, Therefore, it is conceivable that regulatory or judicial
authorities would consider the value of the energy production
operation to offset the slightly negative aspects of the dispasal
cencept and thereby grant approval.

For cost estimation purposes, engineering flow sketches of store
and discharge concepts were prepared for flows ¢f 20,100 and &00
gom. The inorganic wastewater residue was held in lined earihen
basins with a sterage capacity of 4 months. The basins had pumped
discharge to the river as per Figure 11-C1. The capital cest of
the systems were estimated and the results are summarized in Figure
11-¢2.

/1
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11.0 APPENDIX D - DISPOSAL BY STORE AMD BARGE

A concept was prepared to receive treated effluent from the acti-
vated sludge process for dispesal by store and barging. The concept
illustrated in Figure 11-01 provided for storage of the waste in
lined steel tankage for a period of up to 28 days to accommodate
barge scheduling during worst conditions. The barge would transport
the waste from the Wheeling site downriver to the cpen sea for
disposal. Although the disposal methed is favered by logic, the
applicability of the concept would be conditional to regulatory
nggotiations. The concept would be inapplicable to Carsan City.

The dispozal of jinorganic wastewater residues from coal conversion
processes to the sea is a superior concept from the standpoint of
logic because the zalts are primarily derivatives of the sea. This
is not to imply that there would be zero impact from a2 dispesal
operation. The contention is that the potential benefits of the
gasification operation are substantizl compared te the very minima)
impact of returning essentially sea derived saits to their place of
origin. The concept is substantially superior to prevailing dis-
charges from nearby coke plants that discharge treated effluent to
natural watercourses. Thus the features of superiority to prevaii-
ing discharges and minimal impact on receiving waters make the
store and barge concept a strong candidate for pernit negotiation.

For cost estimation purposes, engineering Flow sketches were pre-
pared of store and barge concepts for flows of 20,700 and 600 gpR.
The concepts jmcluded corrosion resistant tankage with high flow
pumped discharge and barge docking facilities. The capital cost of
the system was estimated and the resulits are presented as Figure
11=02. An estimated barging cost of $0.042 per gallen was obtained
from an Ohio River barge aperator for a 1400 ton load hauled from
Wheeling, West Virginia to New Orleans.
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13.0 APPENDIX E - DISPOSAL BY POND EVAPORATION

A concept was prepared for disposal of treated activated 3ludge
effluent in the Carson City area by pond evaporation. Disposal by
pond evaporation is infeasible in the Wheeling area. The C)imate
Atlas of the U.5. reports for the Carson City area an annual lake
evaporation of 40 inches and an annual precipitation of B.43 inches
for a net evaporation of 40 - 8.43 = 31,6 inches per year. The
evaporation ponds were lined to restrict percoclaticn and were
designed to provide a net evaporaticn of 1.25 times the inflow plus
storage for 5 months., The concept employed for pond evaporation is
illustrated in Figure 11-E1.

Pond evaporation is considered to be the preferred method of dis-
posal of inorganic wastewater residue at the Carson City, Nevada
site. For cost estimation purposes, engineering flow sketches were
prepared for flows of 16, 80 and 480 gpm. The capital cost esti-
mates are presented in Figure 11-E2.
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11.0 APPENDIX F - REVERSE DSMOSIS TREATMENT

& concept was prepared to desalinate treated activated sludge
effluent by reverse osmosis as iYlustrated in Figure 11-F1. The
concept included inflow storage, chlorination, sand filtration,
cartridge fi1tratién, dechlorination, acidification and membrane
filtration. The performance of the system was estimated from
correlation with resulis reported for reverse osmosis plants opers
ating on cooling tower blowdown (1) and on brackish river water
(2). " The permeate from reverse osmosis was revised for cooiing
tower makeup and the concentrate was sent to disposal.

Reverse osmosis offers a practical means of recovery of many waste-
water flows. The process provides for removal of particulate
matter and callaids, as well as for partial removal of ionic or
non-ionic dissolved substances. Ome of the Timitations of the
process are fouling of the membrane by some organic materials and
by precipitates formed as the concentrations increase 3 to 10 fold
in the concentrate. Membrane fouling can be alleviated to some
extent by adjustment of process conditions such as hH or degree of
concentration, or by feed of precipitation suppression agents.

A second limitation of reverse osmosis is that the separation
performance differs beiween substances and between ionic species.
Some leeway relative to performance is available by selection of
nembrane materials fﬂr.specific applications but Jeakage of solute
compenents into the permeate is an inherent feature of reverse
osmosis processes, The following wvalues were employed in the
present study as representative of reversa osmosis leakage: Ha+ -
15%, CL” ~ 17%, SO0, = ).2% and K4," - 94%.

For purposes of capital cost estimation, engineering flow sketches
worg prepared for fiows of 20,100 and 600 gpm. The capital cast
astimates are presented as Figure 31-F2. Estimates of cost of
operation and maintenance were developed from wvalues reported in
the literature {1}(2}.
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11.0 APPENDIX G - ECONOMIC ANALYSIS

The following ecenomic analysis compares a single stage and two
stage quench system required for pollution control on various coal
conversion processes. The quench systems are evaluated as separate
entities totally unrelated (financially) to the rest of the facil-
ity. However it shouid be mentioned that certain economic advan-
tages can be obtained as the quench system relates to the entire
coal conversion process. Two of these advantages are, a 20%
investment tax credit or a 5 year amortization on pollution control
equipment. These savings can be applied te revenues derived from
the entire facility. Examining the quench systems by themselves
prevents the evaluation of these advantages in any economic study
since the systems do not provide a positive cash flow but rather a
drain on the cash flow of the project. The economic evaluation of
these systems is therefore approached in the following manner,

Each specific case as previously defined contains costs for a
single stage and double stage quench system. That system which has
both the higher capital costs and the higher operating costs is
obviously the more expensive process. To quantify this procedure
we will use an incremental difference in capital costs and incre-
mental difference in operating costs between the single and double
quench processes. The capital cost difference however has o be
annualized to be added to yearly operating costs in order to arrive
at a total annualized cost. The method and reasoning by which the
incremental capital costs are annualized is as follows;

The incremental difference in the capital cost of the two system
{(single and double guench} can be thought of as an investment which
can be put to use at a return of 15 percent (or whatever minimum
return on investment {ROI) the company chooses to measure investment
potential). The investment is assumed to have the same 1ife as the
coal conversion facility, in this case 20 years.

G/1
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It is desired to determine what amount of yearly payments can he
drawn down on the investment (incremental capital cost) such that a
rate of 15% the amount Jeft after 20 years is zerc. This can be
seen mathematically as an annuity defined as follows:

—t
fl

incremental capital cost {difference between single and
double stage processes)

C = annualized cost
“-
;= o) “1
i1 + i)
i= .15
n = 20 years

50lving for C then yields the annualized cost equivalent of the
difference in capital costs of the two systems, and the result can
then be added to the yearly operating cost differance to arrive at
a quantitied difference c¢alled the incremental total annualized
cost.

IMMustration

5ingle Quench Double Quench Difference
Capital Cost (MM%) 19.1 17.8 1.3
{dperating Costs
(MM$/yr) X+ 0,32 X 0.32

G/2
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annvalized capital cost difference of $1.3 MM

c = Q" -0

i+
i =.15
n =20
I =41.3 M4
n_
a+ i) n] = Present value factor = 6.25
i(1+ i)
- 1.3 _
C = g55 = $.20 M

Total annualized incremental cost + 32 + .20 = $.57 WY

Thus the double quench system in the illustration is obwiously the
nore economical process. Going to a single quench would cost an
additional $520,000/yr over the Vife of the project.
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11.0 APPENDIX H - THERMAL EVAPORATION

Thermal evaporation of inorganic wastewater residues has particular
aﬁp]icatiun where steam is available at low cost or where a high
purity desalipation preoduct is desired. In the wsual situation
reverse osmosis is wmore economical than thermal evaporation for
desalinaticn of residues with a total strong electrolytie content of
less than one percent - above which the risk of membrane fouling
from precipitation increases. It follows that thermal evaporation
of reverse osmosis concemtrate is & viable concept. Two thermal
evaporation concepts were prepared. One concept covered situations
where reverse osmosis concentrate was to be further concentrated to
reduce costs of disposal by barging to sea or to evaporation ponds.

. The seceond thermal evaporation concept pertained to further concen—
tration of evaporator bottoms to obtain a feed for a wastewater
incinerator that produced a dry product residue.

The concept for concentration of reverse psmosis concentrate
employed & high efficiency 14 effect vertical tube evaporator, The
evaparator was fabricated from corrosion resistant materiats {e.q.
titanium) and had the capability of concentvrating a feed with one
percent solids ta a concentrate of ten percent solids. The system
would yield 10 gallons of condensate per pound of steam. The
estimated capital cost of the savaporator facility is given in
Figure 11-H1.

The second therma) evaporation concept consisted of a pan evaporator
coupled to a wastewater dincineratar. The pan evaporator accepts
the bottoms from the ue;tical tube evaporator and further concen-
trated them to 60 percent sclids. The estimated capital cost of
the evaporator-incineration facility is given in Figure 11-H2.
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11.0 APPENDIX I - MATERIALS OF CONSTRUCTION

No attempt was made to optimize the material selections for the gas
cleaning of wastewater stripping equipment. The equipment is
large, and obvious economic incentives exist to use the least
expensive alloys that will perform in & given enviromment. The
environment in the first stage scrubber faatures high halides and
low pH in a reducing atmosphere, The veducing atmosphere represents
a departure from flue gas scrubber installations. The low pH
represents a departure from coke plant experience. Thus limited
transfer technology is available to cover the situation.

It is difficult to specify the optimum materials without previous
operating experience. Many of the corrosionferasion problems that
occur in a scrubber canpot be predicted in the design stage. The
use of corrosiaon test spocls in environments closely approximating
the gas cleaning system or wastewater strippers would be very
beneficial in making an economic choice of materials.

Literature does exist concerning corrosion in aqueous systems by
dissolved gases (1, 2, 3, 4, 5, 6). DPiscussions of materials
challenges asseciated with coal conversion gquench systems have heen
published by Bhattacharya, et.al. {5) and by 0'Hara, et.al. {B).
Test data on wet scrubbers for the incinerator applications and
power plant flue gas scrubbing give some indication towards the
proper chojce of materials.

Carbon steels, low alley steels, and type 204 L stainless steel do
not generally possess adequate corrosion resistance in wet scrubbing
environments. Some scrubber systess use carbon steel with a pro-
tective coating or lining.

Coatings or linings will not always perform well. They are partic-
ularly vulnerable to temperature excursions in the system, and they
may not adhere to the surface if improperly applied.

I/l
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The material of construction chosen for many scrubber installations
has been type 316 L stainless steel.

Type 316 L stainless steel 1is sometimes subjected to localized
corrosive attach in scrubber environments with certain combinations
of pH and chlaride content. Localized corrosion increases as the
chloride level increases and the pH of the scrubbing level de-
creases.  Increasing the chromium and molybdenum contents of the
high=nickel alloys decreases this localized attack (2, 3, 4).

The following comments are based on pH and chioride content alone
and do not necessarily consider the other corrosive components in
the wastewater.

0 Severe corrosion may be experienced with 316 L ov 317 L stain-
less steel from the first stage quench wastewater due to high
chlorides and low pH. Alloys high in chromium, molybdenum,
and nickel such as Inconel 625, Hastelloy C-276, or Titanium
may be reguired for this service.

o Based on pH and chloride content of the single stage quench
wastewater, the performance of stainless steel would be
guestignable.

o Stainless steel or even carbon steel may be acceptable for the
second stage quench wastewater because of the nearly neutral
pH and absence of chloridas.

" Literature is available on corrosion in strippers (6, 7, 8). The
top portion of the stripper will be exposed to the most corrosive

" environment where the use of a stainless steel may be warranted
over a carbon steel. This is especially true of the overhead
condenser where the use of a high alley steel or Titanium may be
justified.
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Carben stee) was chosen as the material of construction for ali
aquipnent for the purpose of the cost estimation. A multiplying
factor may be used to compare the cost of other materials.
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