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8,0, Summary of Commercial Plant Design

The design of a HYGAS demonstration plant is discussed in Part VIII: the
design is based oh technology existing in December 1969, The design study
was undertaken by Procon Incorporated and IGT for the Department of the
Interior, Office of Coal Research, and the American Gas Association. The
design that evolved could be the basis for one train of the full-scale commer-
cial facility that is illustrated in Figure 81,

The 1969 plant design incorporated the electrothermal process for manu-
facture of hydrogen-rich gas because that process was most advanced at
that time. Extensive research and development by IGT for OCR and others
has since proved that two alternative systems for producing hydrogen-~rich

gas — namely the steam-oxygen and steam-iron processes —may be even more
promising based on current economics. Facilities for extensive testing of
these processes at the HYGAS pilot plant are being readied as this report

is written. :

Because the design discussed was an early design and progress in the
hydrogasification of coal to high-Btu gas for plpehne use has been substan-
tial since 1969, a critique of the des1gn also is presented together with
suggested areas of improvement.” Progress has been achieved in most of
the improvement areas discussed since this work was performed. The pur-
pose of the early demonstration plant design in 1969 was 1) to provide a guide
for future designs, both in the arrangement and sequence of processing steps.
2) to pinpoint problem areas where pilot-scale study should be concentrated.
and 3) to pinpoint problem areas where a paucity of existing data might indi-
cate additional basic research would be required; all of these goals have
been accomplished.

The primary impact of this design, however, has been to show that it is
feasible to design large-scale plants for the hydrogasification of coal to pipe-
line-quality gas (SNG), with new American approaches to gasificdtion, coupled
with existing technology. As any of the desirable improvements discussed
herein become available, both the economics and design of coal gasification
plants will benefit. This design project indicates, however, that commercial
conversion of coal to SNG is feasible today with improved American tech-
nology, without awaiting advances to optimum designs. '

8.1 Introduction

IGT, in_conjunction with Procon Incorporated, undertook the preliminary
design of a demonstration-size HYGAS coal hydrogasification plant under the
sponsorship of OCR and A. G. A. in December 1969. The design is described
here and — because it is the initial design - it is also critically analyzed to
identify possible design improvements,

The Section 8. 7 — Suggested Areas for Design Improvement — discussed
in this report is based on "Analysis of a HYGAS Goal Gasification Plant
Design, " presented by F. C. Schora and C. W. Matthews in November

1972 before the 65th Annual Meeting of the A.I. Ch. E. at New York City.

8.1
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Figure 8-1. PHOTOGRAPH OF THE MODEL OF A COMPLETE,
COMMERCIAL HYGAS PLANT THAT COULD CONVERT 15,000 TO 18, 000
TONS OF COAL DAILY INTO 250 MILLION CUBIC FEET OF SNG FOR
PIPELINE USE. THE DEMONSTRATION PLANT DISCUSSED HER EIN
COULD COMPRISE ONE PROCESS TRAIN SIMILAR TO THE
THREE THAT COMPRISE THE PLANT SHOWN.




The three versions of the HYGAS Process under development differ in the
methods used to generate hydrogen, which is consumed in the hydrogasifica-
tion section. The three hydrogen-rich gas producing systems under active
investigation at the HYGAS pilot plant site are electrothermal, steam-oxygen,
and steam-iron processes. At the time the preliminary design of a demon-
stration-size plant was undertaken, the electrothermal process for the pro-
duction of hydrogen-rich gas was most advanced at IGT: therefore, the electro-
thermal hydrogen-~rich gas process was used in this design study. All three
hydrogen-rich gas producing processes are discussed in detail in Part IV of

this HYGAS final report. ¥ The steam-oxygen gasifier has been installed (1974)
in the base of the hydrogasification section of the pilot plant; steam-oxygen was
studied earlier in a 6~inch-diameter test unit. The construction of a steam-
iron process development unit was begun during 1974 at the HYGAS pilot plant
under a separate OCR contract. The electrothermal process has been batch-
tested in a 2-MW unit at the HYGAS pilot plant. :

Although the hydrogen-rich gas production systems were at various stages
of development when the preliminary demonstration plant design was under-
taken, several benefits were attributed to designing the plant at that time.
Benefits include providing a guide to future designs in both the arrangement
and sequence of the processing steps, and shortening the engineering time in
the final detailed design. Commercially available processes and practices
have been selected, where practicable, so that unexpected problems and costs
associated with these processes can be spotlighted. Another advantage is that
an early design study identifies areas where information should be obtained
during pilot plant operation. :

8.2 Basic Criteria for Coal Gasification

The product gas from coal gasification plants must be interchangeable
with natural gas, which is transported in long-distance pipelines. The
gross heating value of the gas must be greater than 900 Btu/SCF. Carbon
monoxide content of the gas should be less than 0.1%, and its water content
should be less than 7 1b/million SCF. A wide range of gas compositions
produced from liquid and solid fuels have been shown to be interchangeable
with natural gas.

A high thermal efficiency in coal gasification is needed to minimize the
cost of synthetic gas. Even so, the cost would be high if compared with
the artificially low wellhead price of natural gas during recent years. In
the HYGAS Process a high thermal efficiency is attained by the selection
of pressure, temperature, residence time, and gas composition in three
reaction stages. About two-thirds of the total methane is produced within
the hydrogasifier. The HYGAS reactor pressure ranges from 1000 to
1500 psi, temperature in the three reaction zones increases from about
1200° to 1900°F, and the solids residence time in the reaction zones varies
from 10 seconds to 85 minutes. The heat evolved by formation of methane
within the gasifier is used for additional gasification by reaction of steam
with carbon. ' :

* ' ‘
. This report covers HYGAS work performed under OCR Contract No.

14-01-0001-381 and the amended contract, 14-01-0001-381 (1) and
14-01-0001-381(2), between July 29, 1964, and September 1, 1972,
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For coal gasification plants to be environmentally acceptable, the plant .
design must minimize water usage and limit potential pollutant emissions
such as ash, sulfur,ammonia, cyanides, phenolics, oils, and waste heat,

Virtually all streams data and process flow diagrams published in this
HYGAS report are from Report for Phasge II Preliminary Design Report and
Budget Investment Estimate: Preliminary Engineering Study HYGAS
Demonstration Plant (volume 1), submitted to IGT by Procon on April 3,
T972. In order to completely satisfy the contractual reporting requirement
of the OCR-IGT contracts involved in this HYGAS work (OCR Contracts
14-01-0001-381, 14-01-0001-381(1), and 14-01-0001-381(2)), the
balance of content of volume 1 of the Procon report is published here as
Appendix 8-A. For the same reason, the complete content of volume 2
of the Procon report, covering preliminary equipment data and piping and
instrument diagrams, is included here as Appendix 8-B.

8.3 Demonstration Plant Design Constraints

The demonstration plant size of 80 million SCF/day capacity was selected
as the largest commercially feasible single~train plant. Provisions were
made for expansion to 250 million SCF/day capacity. An Eastern bituminous
coal was chosen for feed because its caking properties would require pre-
treatment facilities within the plant. The ultimate analysis (dry basis) of the
fresh coal feed and pretreated char was:
Pretreated .

Feed Char
(wt &) wt
Carbon 71.50 71. 34
Hydrogen 5.02 4,02
Sulfur 4. 42 3.83
Nitrogen 1.23 1.00
Oxygen 6.53 7.51 -
Ash 11.30 ~- 12.30
Totals 100. 00 100. 00

Heating value: 13,186 Btu/1b of dry coal (HHV)
12,670 Btu/lb of dry coal (LHV)

Although as-mined coal was assumed to be the feed, an especially dirty
coal would require cleaning. No site was identified for the gasification plant,
which was assumed to be located near the mine mouth. About 120 million
tons of recoverable coal reserves are needed to supply feed for a 250 million
SCF/day plant for a 20-year period. The HYGAS Process with an electro-
thermal gasifier was chosen as the gasification process. Conventional on-site
electrical power generation supplied power for the electrothermal gasifier.

Insofar as possible, the processing steps included in the design represent the .
state-of-the-art practice that prevailed in 1969 at the time the design was
undertaken,

8-4



8.4 HYGAS Demonstration Plant Description

The Procon Incorporated block flew diagrams presented in Figures 8-2
through 8-5  show, respectively, the preliminary design of the overall
plant, of the solids handling units, of the gas treatment units, and a block
flow material balance of utilities and miscellaneous units. Table 8-1
presents stream conditions, compositions, and materials balances for the
various gas treatment units shown in Figure 8-4.

On some of the process flow diagrams and many of the flowstreams re-
ports contained in this discussion, there is ~ in addition to stream proper-
ties and quantities — a value termed ''fuel equivalent.” This is a
measure of the potential methane content of the stream under consideration.
"Fuel equivalent' is a handy index to process efficiency through the many
steps between the reactor and the product gas pipeline. Losses
of high fuel equivalent deserve careful scrutiny; those of small fuel equiva-
lent can be neglected at this stage of design.

The fuel equivalent is calculated as the sum of-

Moles H;. x 0.25
Moles CO x 0.25
. ' Moles CH, x 1,00
Moles C,Hg x 1.75

In the stoichiometry of the shift reaction, one mole of carbon monoxide is
equivalent to one mole of hydrogen. The methanation reaction requires four
moles of H, equivalent to make one mole of CH,. By similar logic, one mole
of ethane is worth two moles of methane minus one mole of hydrogen. The
pertinent reactions are:

CO +H,0~CO, +H,
CO +3H, ~ CH, + H,0
C,H¢+ H,~ 2 CH,

Regarding the accuracy of figures, there may be some mismatching of
stream flow quantities from one flow sheet to another. These (if any) are
minor and are believed to be well within acceptable limits for this study.
Additionally, in most cases the numerical values for various data have been
rounded off to practical significant figures. For this reason the values shown
for the various constituents of stream flows may not add up to exactly 100 %.
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8.4.1 Solids Handling

The solids handling units are designated in Figure 8-6. Figure 8-3
provides a block-flow material balance of solids handling units. Coal
mining, cleaning, and transportation to the demonstration plant were not
part of the design.

8.4.1.1 Coal Handling and Storage

From the nearby mine, 6-inch x 0 size run-of-mine coal is delivered to
hoppers in the coal-breaker house by conveyor.. A rotary breaker reduces

the coal to 1-1/2 inch k 0 size. Rock and other unbroken material that is
larger than this size is separated, and the crushed coal is transported by
conveyor to a traveling. stacker, which delivers it to the live storage pile.

The coal rate from the mine is 1350 tons/hr on a 1 shift (7 hours) day,
5 days/week basis. Gravity flow from the live storage supply is enough to
feed the plant during 2-day weekends. Longer mine shutdown periods of up
to 30 days are accommodated by bulldozing from dead storage to reclaim
stations. :

8.4.1.2 Coal Preparation

. Reclaimed coal feeds through hoppers to the reclaiming conveyor located
beneath the live storage pile in the reclaim tunnel. This conveyor moves coal
to elevated receiving hoppers in the coal-conditioning house. Tramp iron is
magnetically removed before the coal discharges into hoppers. Uncrushed
coal is transferred as needed from these hoppers to the power plant for fuel.
Coal for processing is crushed to 4 mesh x 0 size and is conveyed to the coal-
pretreatment plant. The process flow diagram of Figure 8-7 provides de-
tails of the equipment and process flow, and Figure 8-3 -provides a block-
flow material balance. -

8.4.1.3 Coal Pretreatment

Pretreatment destroys agglomerating tendencies of bituminous coals by
mildly oxidizing the coal surfaces in air at a temperature of 800°F. The
pretreater coal feed contains 8% moisture and is received from the coal-
crushing plant at a rate of 204 tons/hr. Char product from pretreatment is
produced at a rate of 184 tons/hr. '

Process flow diagrams of this section appear in Figures 8-8 . and_8-9
Stream conditions, compositions and material balances are provided in

Table 8-2.

8-11



ONITANVH SAITOS dd3dA ILNVId NOILVYILSNOWIJ SYODAH

096-2li-v

Ol 4VHD

$$3204d wWoud

INVd 43m0d

S3NIZ 'SYYL 'ST10

INV1d ¥3M0d
01 SY9-dd0

ssacoud oL A
NILYM 2LSVA

|

J9VHOLS
1v02
0011 LIND

ANYd ¥3M0d
0l v0d

AN3IWLY3¥i3¥d
vod

00EL A0

NOILY¥Yd3dd

B vl

00Z1 LINN

"9-8 9ansig

u_ﬂwﬁﬂ 4 INILYZHL ANV
— ] NOILYH3NIDNI
NOILD3S oL
HYHD
S¥9 ¥NOS
»] 009t LiNn
WY3l1s )
A Wvals
UVHO @3LY3H¥34NS f
_ i NOILD3S NOILVEVd3dd
~——1 ¥01JV3Y |- a334 ¥YHD
SYO MVY | go51 LiNn 00vL LINN
¥asod  WvaLs 10803
110

YORIL3373

AQUNTS

b1

v $53I0Yd WOud
SYO HOI¥ 202

EERR 2

ONITONYH
avoed
ootL LINN

aNIW

WO¥d V0D

8-12



e

B|IBAE - ﬁmm
>n_m=uo uz_x_u npoidoy

INVId NOILVILSNOWAJ SVOAH THIL 404 WVYDVIA MOTA
SSHDOYd NOILLVIVATId TVOD ANV DNITANVH TVOD L-8 2andig

B1-0011-Ev0' -lu‘-!."lb
. i..
e TR TR LI <l

0021006 Simn . e
WYUOMQ M01J SSID0udg AWILOIT* Wray 3500 o ==u_:u=3 ol
" taprauy wanstiianod .._au U

Peoticou] OGO
4 i A . LIavieEs b N R
N . . h
) . H onine _
’ |

L3
vy 535 ERLTRT TR s 5T RS S T O AT Ty Dhaa ol ey Mwu -
?.-!353

: SYo-av e p: . S T
r/EIe ﬁu / ——— |||‘|\.J\... Y RETERTE Tl
- - - -sg.

gk
s o ‘ w im o w7 axe
AN B e v < Neief] WO NI Ve kma eI W 3nd & -!5..,- 2
B . i i —_ Sulewax Mnsg
' 0, 0g 42 yory gy et Freeal
| wai ot [Twiien) ABVYY Wiade O3 = R < £Thm ¢’ R . Sedadner .I
. Frree 3 :
‘ H
H ¥
ars -1 Cwiamies 3
7

N -1 R T -
o T W X -
M EMISOR :cl 3 ' -

“ tatear o

2ER0M BEXYIxT ‘YO
n-0 1

8-13



ILNVId NOILVILSNOW
NOILDAS YVHD YILVEYLI™L

Hd SYOHAH THIL Y04 WVYDVIA MOTL SSHDOY

CINAWILVIYIIYL TVOD ‘g-8 o9andg

WISFRER
WATew0I 1v7 1VIe ROUTHTY O Svs IWEw TELIN

To0W

133 10341 NOUYEIY

NIN0) #1liv NCGHS DA )
93 LI AMYEIY 8¥

oW

AT

3t IaRd)

TWTONT

(@) tnvy

- yo
L LL-S’-R

STV0IuTL4Y SOMM A

-3 3w

vemng
WTivedils e VO
UVSO-TAT

skédom G132
L

BB

0170/ TIMmens Ladu -8
T s N AT

LR a8 TR FEYONT

_ _ 1843-13.00-1-8

SHEOIN IV A
34 el

TIVIO-96 1

5

.
eu.n.:c.nmw_

WiddOn DevVR LS 0N T ¥ RO
T4 INELTN  VORIO) TYS Leiet

8-14




INVTId NOILVYLSNOWAC SVOAH THIL Y04 WVYDVIAd MOTJ SSIO0UYd NOILDJIS

HONENO-dN¥DS YELVAYLAEd ‘INFWIVIYLI™Ed TVOD

14

‘6-g oanBii

8-15



8S91 905LYV

10'0
13-
z0°'0
§2°'0

wld
16722

WD) e

w'e
$0°0
L0
wdd
[:AF X3

(a4

€766
oy

L

L0’

11 0

9Ict

2o 3ev)

.n

ey
6
ol

%890
L'o
sr'c
StElL

[ LRI

s=0 Laeu]
ovD 310w]
o) |

100
1

| o2 4

12y
(3¢ 14
0zt
[ 19}
¥°0
sis°y
1314

"o 308

swD) Ja20]
oxD My

¥
1
¢

§°05¢€

$6°0
L858
b
vz
6
wdd ¢

£i602¢ .

1z2'cy
91
oy

wuzi'e

9o
T srl
113

5D 3temy

5291 188 .1 19

-- 20
- 952
- 10
b §L0°0
- | 1]
$L°0 600
£E°L9 --
96’ .-
" $L0°0
€712 b
wdd g .-
[ 7114 199
w-o
b ¥°'0
1z2°er et
s o
o o1

uzLo (301} ]

€' -

L6 tt o'oL

9011 [ 113
7 1
3 m...
¢ gt

]
H

9 9rsc

neusps )

9901

€266

L1999¢
11999¢

LI1999s
L1999¢

éte

11411
1 ¥4 4

THELOV

1134114
43 4

wsLor

wdian

E L LETAT]

Jeevodumn

gl ‘twioy,

(oe82) HOYHD
loweud HO'H'D

avstaayden 'Hto

suenfoyl ‘RO
. g *H'O
HO'HO

THY

(82 "HN ‘S0D ‘NOH)

Ry 0O
]
{ay/etow) Iy

{of (vio L

(swjem) “19)oM edujing

(2u/9q1) 194D
(au/eq1) 190D

agyeiow "mevoduod
ueiwainiy jong

wijen snproeton
wad ‘sansmvig

deo ‘ednmisdmey

sasgypus) 40 s Ljsusg

siueq 42p 'qa05 NN

an/edl i ‘solg whiem

ASAUIBN Wnwhiig
aojdiaaseg Wewelig

INVTId NOILVYLSNOWIQ SVDAH THI ¥OJ SADNVIVE STVIHILVIN ANV SNOILISOINOD

‘SNOILIANOD WVHYLS INIWILYVIYILIEL TVOD

‘T 3t®g

‘2-8 91qelL

8-16



V89T 906 LY

6228 ogsE  £16F  2L0EL yee ¥ 196 92785 268v1 68 R R %7 12t 6 vz yoz Lot ’ 1q7vjom Mol
-- — - - .- 1070 1°0 had i - == see T == == - - T 91°811 suajwyiydyy S0
— - - - -- §00°0 = §10°C -- v e - = == -- - -- - - 1726 audnjoy, .w
‘ - - - - -— ¥ 8c°0 -~ - - == b - == - - - o LRt osusauag Yy¥'n
R - . - - 1'0 1ne-o 9yl - -- 200 »o0"0 100 €0°0 200 . 100 90'0 . $°0 100°0 ¥o'zf HO'HD
.- - - .- -e .- - 2L -- - -~ .- - - o i == 60°¥F Hio
- “- - e 86 2W2°1 SE°0§ Sy 2’z Lo 59 60°¢ B T4 | €80 ' 1Z7°S [ zot-0 t0°0t Lries
- . -- - 80 2" €Y $°29 02°0 . ete L°0 .20 st'0 - 10°0  S¥°0 N4 600°0 %091 YHD
-- -~ - -- 20 . 85¢°0 §2eT . 159 90°0 .~ 010°D 2°0 80'0 5070 20°0 £1°0 I3 £00°0 10782 oo
3 - o e - et $9u°¥ el - o 821°0 62 s0°1 - [N ] 820 [T I s 1 £€0°0 202 . "
-~ -l -- -- -- 90°0 o S et - - - == - = - - Come 109 7
S et - - Can wdd g .. .- - wdd ¢ wedd g wdd g wdd ¢ wdd 5 wdd ¢ wdd g . wdd ¢ wdd g 20°y§ - mn.u_m
- -- .- -~ 1 [11 T 0¥ €061 Ly 89°s8 s1°v1 9 12t Br'911 v 99 61'1¢€ 8E°961 . 172291 s8°¢ 107y 0o
.- -~ - == oo ep°o ¥0 .- - =" - ‘- - - i S - - ("IN 5D ‘50D ‘NoH)
. : ) . . 29w I3y
og ¥z ot 06 -~ : 00 - 9°9¥§¢ 9£22 -- -- - - - d - .- - 20081 . aodey O
6201 82 688 9692 .- - - (14 == - - - - .- - - - a°2¢ o
yuiy B roce 98201 - - h 98201 == - o= =" - s eyl - -- 81°82 {2y eiow) Iy
-- .- - o - . DbbS - -- -~ -- bl - - - - - ‘b7 1o jwoL
N -- L - =" -~ o == 0901 - == - - -~ - - I - et (447291} 11O pUn sw1
™ -- Poa -~ .- - - -~ oty - -- - - - -- -~ - -- - {34/ 9qt) avmy
2y/wjowr usuodusod
. - - .- == .- -~ = - == - b .- hied b - -= - . wevanbz feng
. 62 62 62 [+ ey €L°z€ 85°92 [ 9¢"14 125y 3414 12°¢y 12 Rrasd s 12°EY (€241 [ F2414 2w WM anjnason
[ 17 €5y [0 {2 o ¥ ez €91 (3¢ 1 £ve [ £'66 €18 €18 €66 €66 €18 €18 €66 viod ‘sanssasg
(13 09¢ 09¢ [ os1 002 252 (1] ozt ozt 082 092 0z 021 082 oz azt 34 Srmgraadwny
YPL°0  92y1°0 9241°0 ¥920°0  8ES(°O €5L0°0 61170 6IL0°0  €SEC"C 890 26L2°0 26020 v689 °0 ¥669°0 262270 762270  ¥699°0 suoyupuon *do e Asuag
0°Le 0°2¢ 06 g1t 1€ s 0°81 11t (LX) £1'o 0°f LA £9°0 (3] 6y 8°st v0°0 sisvq Kap ‘gaos W
0151 0°201  9'¥Zl 9L 98'¥1 (3413 1851 ey ¥ 9€9°0 L1 B22's 18672 or’r s18°8 90°61 o ay/eq) W ‘mOLL MBram
(4131 [313] 2eel e ottt (3411 (24} Lze1 92¢Y (4] veel [£24] 22¢1 12¢1 oz¢1 61€1 114 ] Ioquiny uswaais
-~ — [ = [~ -— - - y
$5F CPEE pez IRD ¥ gz g3¢ gg2 % H g ] g g 5 g T EE7 conze s
T LR L LA T L 233 ti: RiE 3 3 H 3 H H 3 H i 23
-4 o - - - .
§3F R3F g3y 332 0 230 930 %35 2 g g ¢ 2 g 2 2 e . %
- - -] - - . onk ok -4 - = - - - - - - 4 va
sn s an g - ) R
Moo -~ -9

INVTd NOILVYLSNOWIA SVOAH THL ¥OJ4 SADNVIVE STVINIILVIN ANV mZOH.H.HmOnmu&OU
‘SNOILIANOD WVIELS INIWLVIYLAYL TVOD 'Z 3aed ‘2-8. 91qeL

8-17



48991 904LY

9°0¢

*6l
Lo
o vel
ST°91S

-
w
-

Ism0L
q:“!\o [0

983D pejo0D

-- erabz  S1'w0Z1  £TE96 26 9°922 TeLbee8 560020 Loz '§6221 €°100
- 9K €L (38 )4 - 9°%S == 9°95 - - - -~
- 0°991 [ »99 - 2291 == 2 91 - .- -
- 5070 §2°0 T°0 -~ 50'0 3] ey - z0°0 20°0
- 15°0 55°7 ¥o'z - sz'0 26y YYREY - §2°0 $7°0
~e S€°0 §4°1 ¥l .- s2'0 1] 9t 22 1o 10'0 10°0
- €t 5°9 [ -~ Lo - L0 - - -
- s 0°22 " -- 9:2 -- 92 -~ ot -
sedway  £0°S 51°52 210 -~ s1°2 51 z2°1) §20°0 §00°0 500°0
seoway 52°L §2°9€ 62 - 6°2 1] 62°08 €0 voo v°0
33 27°0 1t 0 -- 1°0 - 10 2L - -
s8w3;  |to $°0 +'0 $¢°2 $0°0 - 50°0 $9'16 X -
1wy 200 10 90°0 0z°0 100 - 10°0 899 1k1°2 e
- - -- .- €0°0 - ¥O£ 9 °S0C 9r°1 1Zr°0 §1°0
@awn 40 Sy 9% -~ 60 01€1Z8 9°969¥28 9 V09 99972 *00¥
- b - -r -- .- 13 Lot L 956 96°'0
- -- -- - 90°0 -- 13 £0°61 bo¥s9  269°0 $0070
- -- - - -- -- 1 73 SCFL 120 ¥0°0
- - - . °¥°0 - -- - 21701 ([N ] .-
™ - - .a uadd g - - - - -
- - - - 95 °80 -~ 96€1  §9°20¢1 ORIE  1Z°092( L0
- . . - - - 99 2€°99 61°0 v0°0 ¥0'0
- == - s =" el - - 99201 9-y02L --
.- - e - - -~ - -- (141 £°56¥1 -
- 0901 00£S orzp - 0901 o901 090t - -
. otes 05992 02261 -~ (217 ofey - oL6y - -
.- hd - -- e - (A8 11 e §8°L2 [ 1] (28 14
74 € £°22 [ 23 £766 £°1E [ 1€ £°2€ %1 ©
(341 "1 [ 41 [ 121 021 051 oyt 051 629 69t ol
- W g5 WS 65 we 65 $689°0 [ 14 £19 (& ¢] 2100 ¥090°0 €19
-- .- .- - »80 -- - -~ v e 134 ¢} -
-- | M) 0612 2Lt §L6°¢ €2'2¥ €TEverT  €£°19051 1°eus 0'prt 2L
oSET (1233 [ 124 EL L1741 SPET 243 33! 2¥el we (213
vdws gy o3 e
TR PO B FER A b - 11
ofs gfr ¢ E. %13 oI iz REFE £33 I P
S R a =3 lwm. mdw 2 -.n.m 8¢ L 02 %
xs *uQ - F44 li o ) 58 s 9%
L £= 2 2y -TmB s§ "T*E grp y® FiE
3 58 35 s k] R
as
1

9l

r'st

-
weers &
-

paiweyzadng
Neg 052

20

96601 1601 (14

L0t - 20°¢
60°0 .- 600
10°0 = 100
9 99 9N --
£ 0 €6 -
R .- £0°0
Lo -- L£°0
- . usdel §
|10 11 (2 11 ({4
9°F0ZL 970022 -
£°56¥1 £5601- -

-~ L4 .-
€z €Lz 12°cy
801 ré'cl [ £ S
" 00z Lt
ZL50%0  L€50°0 (6070
§°20 1'28 9e°0

9662 - 0°962 S18°¢
Lect b114¢ SEET

"< ma mOY
B3s P8 37%%
«3 2+ Hagl
Pl o olD
8 Qe Koy WG-
Ang 22 g5
AN L §

a

a1y teod jo 39/#q 0ODOT O3 000%

e m
2eI0dajON
usuadwon

ay/ow Yeog

(3#229) 11O Aawey
(3.627) 110 WP T
108823 HO'H'O
Towes HO'H'D
susivpyden 'H*'D
suawny vy
ssdx-0 "H'D
swmnioy, gD
auszuag ‘1D

[e)e ]
(s '$O3 ‘NOH)
s 13410
q
S'H

(3q/010w) YO

(14/eq1) BO puw 1vL
(aq/eq1) 3vud

Jwysows ‘usucdwon)
IeeAnby (eng

Wiy JemaloW

aysd ‘sznssssg

Ao wammradard g,
suoppeery “do I Ayserg
sisem £xp ‘0IDS WA
anseqe i ‘aald qlie s
Xaquiny weang
woihaseeg weaag

INVId NOILVHISNOWACQ SVOAH THIL ¥0Jd SEONVIVE STVINALVAN ANV SNOILISOdWOD

‘SNOILIANOO WVHYLS INFWILVIILIYEL TVOD

JELTX

‘2-8 d19®L

8-18



08$9T 90§LY

0Ly 5 °9é8€ 5°908 £°6¢ 82691 99011 -- e*le . -- - 199298 8°6520 oCI69E  $S¥ST 1y/ejow oy,
-~ - -~ - - - - - - -~ - - - == 022 {2.209) 1O Lavay
- . . -- - - - -- - .- - . o= - - - s20wly (221 {3.62%) 11O Wiy
. - 60°0 . sz'0 - - -- 20°0 .- -- -- - ¥ 2270 6¥'22 000 1°801 10991 ROFHED
- - 6'0 6£°2 -~ - == 89°0 - -- -- -- sz2 192 67922 y0 NN 1ouend WOV D
Lo e s . . €0°0 1o - - - €0°0 - =~ - - ¥'L e L 1o 91'821 sualwnduy %0l
- -- - - - - .- .o - -n .- - - - Lo s1°0Z7 + ansumy ey
- - - ; - Tm- .- - .- s - - -- - . t°y 41°901 sualdy-0 'y
£0°0 1070 - .- - 00 ~- -- -- - vL 800 €F°L 52°9% £1°26 susnioy *HD
- _¥1'0 6£°0 - -- -- RE] - -- - - (18 w0 IS¢ ER 2t°eL suszuag D
- .- -- -- -- - -- -- .- . - -- -- - LI 0°H )]
-- -- - 06°0 -- - i 6L°0 -- -- t e -- -- sL°16 L0°0¢ Hy
- - -- €00 - - - 20°0 - - -- T - €899 $0'91 *uo
- 9¥*1 - 1070 - 0 - -- 10°0 - - - $0°1 - == ¥0°2¢ HO'HD
' 999y 2°geec $°908 -- 82691 1-eotg -~ .- i -- 0999E°  9°'9¥2y IZVBIE ¥ bEL Z0°81 . O'H
Lz'o | L0 -- - 2°0 -- -- -- -~ 149 Lo LE4LY 11 10°¥9 - tos
£0°0 0°0 - 20°0 -- 20°0 . 200 - - ¥ 8070 [1 277 €459 10782 05
- [0 -- - ‘e - - -- -- - 52°0 -- §1°0 {'sD 's0d "NOR)
. [E7] 2] A0
- .- - 1E°0 -- - -- LZ2°0 .- -- - -- -- ey 20°2 b3
h -- .- .- wdd ¢ -- .- - wid ¢ -- I - - -= 8°0 80°¥¢ SH
€52 89°9 -- 86°€E -- [ 34 - ;.oN -- - [11] [ 2€°2€9 wie 10" ]
- €0 -- -- - 60°0 .- - .- - -- £2°0 - -- €0°LY ‘HN
-- .- -~ - -- o - - - R - 99301 9182 N
- -- -- -~ -~ - .- -~ - - -- SV 0°Z¢ {s1/s10w) o
.- - - - .- -- - -- - - - bR O Yo g 1wg
ansi0wm renodumoy
.- - - -~ - - R - - -- - - -- .- Jodqeainby (a0 g
iRt (2811 2081 12°€v 20°8t yi'el 079t 12y - -~ vI'sL [ 48] y1°81 501 a4 awjnadlop
69 oL 592 ey st 69 £°%¢ € o» sHt st L] (2] £'0F £°12 wed “saupesd
N (344 oSy 90¥ o0z1 -] ] ort [ 4] 001 oot so1 orl o1 ol d. ‘3ameioduay
8°19 19 [ X3 €SE€T0  L5°09 £°19 LE'29 €5E€°0 12 05 192 05 6719 £°19 e°9 66¥1°0 sooppasy 4O 1w Ansaag
-- - - zeta - - - 82'0 .- -- - -- -- 6°¢e1 otevq A1p ‘q 198 N
99°92 0L £5°¥1 52571 60°s0t  80°02 -- ye'r - - -- 2°9999 e 6°r699  zO°tEY 39/89] K “moLy mBjom
S9EL . p9el €9¢1 29¢1 9¢1 (14 65€T BSEY 1131 95€1 SSET (2141 [£14] WL - . 2aquany mwaig
. vopdradeng weRyIs
<] ndew w cwpy ww [ — L1 [ [ nua a 7Y} a ~
CECEE L EO £228 £ B CEEI T £ 1 R+ S | F5¢
nje -] TR mM 51 w03 “n o - - mm "M O L4 [ 37 -
Aps gEma o 9%a g s 353 %o | 2 i 0 &g o z2%
Pa g=da o S8 [*Ad -n e G agw g € - ow H H
35 Sp3g £ siss 3 H4 s s°% s s Ps 83 Pz : 31
- N 3 El o 8 e Q 13 Iz §2 *
HE 3 z 2 £ a8 =5 as
2 3 =~ i

LNVId ZOH_HJ«M.HmZOEHQ m<0.wm dHL 904 SADNVIVYE STVIYALVIN ANV wZOH.Hanm«&OU
, ‘SNOILIANOD WVIYLS INAWIVAYILHIYES TVOD ‘P 3aed ‘Z-8 21qel

8-19



8991 904LY

.- bl LSOy SE°9E | L2 1q/etom ‘(eiol,
wds or-0 - - - R - 1O JonLy (g
- - . ) - 071 (£.L19) DO dawely
-- - 991t .- ”wi (£.62%) DO zﬂ.—
: SO AT ]
-m - - N- - ——o
- - $°0 Lo 91’821 s.._!_u.l J_ﬁu
-~ - - [k - 61021 - ]
- - - (3] LA 91°901 szedx-0 "H'D
-~ - - €1 - €126 swomgel. 'H'O
-- - - 608 .- oL swexumg 0D
- - THS1 v 6L'0 10°0% "'
. - cet £0°0 £0°0 ¥o'91 "HO
- ~n Lt 19°0 ¥0°2¢ HO'HO
- wdf gy-0 - [X] -~ 20°81 O'H
- - oy sedway  20°0 ' Q0
- - - &z'e .- - (%02 "902 NOR)
noswY INTIO
- [ 317 esowsy  y2°0 202 H
- . udd ¢ 0 dd ¢ 0 s'H
.- s e o185 0 "' 109 ‘oo
- - -- €r1°0 - £0°LL ‘HN
7 - an/atew ‘mewdiwos
” , an .- - - - Tespwatakey jen g
- 20°801 (14 [ 13 125y 4 1Mo aspaosjopg
[} (41} [ 1 [ ;] £°51 wisd ‘sanesesd
001 (1] ] (4] (4 Ao ‘wangernduzey
Ine 05 25°09 ©”Io ‘@5 £E60°0 swompwD *dg Iv Ljsweq
-~ - [ - 2°0 nenq Lop ‘408 W
-- - 0192 1'9 vE°t ay/eqt p maeg WSe M
0t 052§ on 901 on LeqEEy WYeAY;
R s3f wMn aME  2Q< PTY ORI Wesiig
booEsd B8 pr {6 g
o an 2 3L San |
- gne g8 §5 ¢ i3 ¥
L] w 1 ﬂm M - W
=

INVTId NOILVYISNOWIQ SVOAH THL HYOJ4 SHONVIVE STVINILVIN ANV SNOILISOIWOD
‘SNOILIANOD WVEYLS INTNIVAYLIYd TVOD 'S 3ted ‘2-8 9qeL

8-20



Coal is delivered by conveyors to the pretreater feed storage hoppers.
From there it is withdrawn to parallel flash drying systems, which reduce
the moisture content from 8 to 14. After separation from the drying gas,
the coal is pneumatically transported by inert gas into an elevated, pressurized
feed hopper. Then it moves by a standpipe into the pretreater reactor.

Residence time of the solids in the fluidized-bed pretreater reactor is 30
minutes at 800°F and 20 psig. One-third of the air injected enters with feed
solids through a ""birdcage' in the bottom cone of the reactor: the remaining
air is introduced through two concentric air rings beneath the fluid bed. Heat
is removed from the vessel by steam coils. Saturated 250-psig steam is
generated from 180°F boiler feedwater at 290,000 1b/hr. An additional
37,000 Ib/hr of 250-psig steam from the process joins the generated steam
for superheating. The pretreated 800°F char is transferred to the char cooler
vessel where it is cooled to 250 °F by vaporization of injected sour water from
the pretreater gas quenching system. The char is then transferred to the
atmospheric char cooler in which it is further cooled to 200 °F by water in-

‘jection and inert gas stripping before being transferred to the char feed

hoppers.

Aeration gas used in the various lines and hoppers is supphed as part of
the carbon dioxide-rich vent gas from the aC1d gas scrubbmg section. This

- gas contains about 2% ethane.

Gases from the pretreater reactor and the char cooler contain tars, oils,
nitrogen, carbon oxides, sulfur dioxide, light hydrocarbon gases, and steam.
Quenchmg takes place in two stages. In the first stage, the gas is quenched to
150 °F by washing with oily water in a venturi scrubber

In the second-stage quench tower the ga.s is cooled to 110 F. Both stages
use recirculated water for cooling. The recirculated water in the first stage
is cooled by fin-fan air coolers, and the second-stage recirculated water is
cooled by exchange with cooling water. Condensed oil from both stages is
combined to reduce tar viscosity and transferred.to the slurry preparation
section. Part of the condensed water flows to the char cooler sprays, and
the rest is used in slurrying limestone for the power plant stack-gas cleaning
system.

Gas from the second-stage quench plus the vented gases from the pre-
treater, storage hoppers, dryers, and coolers, flow on to the boilers where
the low-heating-value of the gas is recovered and its sulfur dioxide-content
is treated by the boiler stack scrubbing system.

8.4.1.4 Char Feed Preparation

Pretreated char at 200°F is stored under inert gas in feed hoppers, which
provide 10 hours of storage. In mix tanks, the char is stirred:into recycled
slurry oil to yield a slurry containing 33 weight percent solids. Slurry is
continuously circulated through the feed pump suction lines back to the slurry
tank. The feed pumps boost the reactor feed slurry pressure to 1450 psig.
The slurry flows through two heat exchangers; in series, to raise its tem-
perature to about 360°F. This helps to heat balance the gasification reactor.

8-21



As the 200°F pretreated char is stirred into the mix tank slurry oil, some
sour gas flashes from the oil. The gas is compressed, cooled, and sent to
incineration and final gas scrubbing.

A process flow diagram of this section is presented in Figure 8-10,
and stream conditions, composition and materials balances appear in
Table 8-3.

8.4.1.5 Reé.ction Section

The reaction section, including solids flow, is discussed as a unit under
subheading 8. 4. 2 ‘which follows this section. o

8.4.1.6 Char Recovery

A process flow diagram of this section is shown in Figure 8-11 and
Table 8-4 provides stream conditions, compositions, and materials
balances.

Char enters the char recovery section at 1230°F and a pressure 6f about
1230 psig. From the cyclone separator, it is transferred by steam into a
char-water slurrying tank. In the slurry tank, the char temperature is re-
duced to 573°F and the evolved steam is condensed by addition of the slurry
water. The char-water slurry is reduced in pressure in four stages to
minimize erosion in the letdown system. At each pressure-reduction stage,
the temperature is decreased by the flashing of water. The steam evolved
is condensed and returned to the slurry. After final letdown to atmospheric
pressure, the solids content of the slurry is adjusted to 25 weight percent by
the addition of phenol-containing process water.

The slurry is pumped to four parallel centrifuges, which yield a char
concentrate containing 25 weight percent water. The char cake is dried with

hot air in pulverizers and is pneumatically conveyed to the boiler fuel bunkers.

Centrifuge liquor containing 6% char fines enters a settler, from which a
thickened fines slurry is withdrawn and returned to the centrifuges. Part of
. the settler overflow water is recycled to the slurry mix tank, and the re-
mainder flows to waste-water treatment facilities.

Phenolic process water is added to the char slurry because our laboratory
has observed that spent EG char is capable of effectively reducing the phenolic
content of water. Slurrying the char with phenolic process water reduces the
phenolic load on the waste-water treating system.

8.4.2 Gasifier Reactor and Reaction Section

A process flow diagram of streams entering and emerging from this sec-
tion is presented in Figure 8-12. Conditions, compositions and materials
balances for these streams appear in Table 8-5. A second process flow
-diagram of streams within the pressure vessel of this reaction section is
presented in Figure 8-13.  Conditions, compositions and materials for the
internal streams appear in Table 8-6.
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Total
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Total

WT %

71.36
4,03
7.5
0.99
3.81

12,30

371,547 Lb/Hr
735,000 Lb/Hr

Figure 8-13.
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REACTION SECTION PROCESS FLOW DIAGRAM FOR
STREAMS INSIDE REACTOR FOR HYGAS DEMONSTRATION PLANT
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The gasification reactor contains four fluidized beds through which char
passes downward, counter to the upward flow of gas and steam. Figure
8-14a  briefly identifies typical operating conditions, Figure 8-14b s
a simplified conceptual preliminary design drawing of the reaction section.
Figure 8-l4c is an engineering drawing of the conceptual HYGAS demon-
stration plant reactor section for the electrothermal case as executed for
IGT by Bechtel Corp. |

Pretreated char feed at 360°F enters the top bed of the reactor as a
slurry in light aromatic oil, which is produced by the process. Solids con-
centration in the slurry is about 33 weight percent. The top bed is called the
light oil vaporizer (LOV), and operates at 600°F and 1200 psig. Residence
time for the solids is 10 minutes. The slurry sprays into the fluidized bed
of dried char and the slurry oil is stripped out of the bed by the hot fluidizing
gases rising from below. Raw gas exits from the LOV at a temperature of
600°F.

-

Dried char flows into the low-temperature reactor (LTR), where it con-
tacts hot gas from the high-temperature reactor (HTR). In the LTR. the
char is lifted by the hot gas through a transport zone where the average tem-
perature is 1200°F. The char rapidly devolatilizes and transient active
carbon sites react directly with hydrogen in the gas to form additional
methane. About one-half of the total methane formed in the hydrogasifier
is produced by this rapid-rate methanation reaction. - Total solids time in
the LTR is 10 seconds, and about 24%of the coal is gasified. Gas and solids
are separated by cyclones; the gas flows to the LOV and the solids flow
splits, part returning to the low-temperature reactor and part flowing on
to the high-temperature reactor. The gas-solids contacting for all three
hydrogen-process combinations with HYGAS are shown in Figure 8-15.

The reacted solids returning to the LTR as recycle serve two purposes:
1) the increased solids flow through the L'TR helps to modify temperature

" fluctuations and assists in the rapid transfer of heat to the cool char entering

from the - LOV, and 2) by diluting the LOV char with partially reacted char,
any residual tendency for LLOV char to agglomerate while being heated is pre-
vented. If this concept is effective, perhaps external coal pretreatment can
be avoided. The ratio of recycled char to fresh char feed in the LTR is
about 2. :

Char from the LTR flows into the HTR, where it reacts with fluidizing gas
from the electrothermal gasifier at 1750°F. About 19% of the coal is gasified
during the solids residence time of 85 minutes in the fluid bed. Some addi-
tional direct methane formation occurs in the HTR, where steam reacts with
char to form hydrogen and carbon monoxide. " ‘

Most of the hydrogen consumed in the LTR and HTR stages of hydrogasi-
fication is generated in the electrothermal gasifier (EG). The EG is a
fluidized-bed reactor in which char from the HTR reacts with steam at 1900°F
About 25% of the coal is gasified in the EG during a solids residence time of
20 minutes. Although a small amount of direct methane formation occurs,
the greatest reaction is steam with carbon. A large amount of heat is re-
quired for the net endothermic reaction. This heat is supplied to the EG by
the resistance of the fluidized bed of char to the passage of a direct-current
electricity. -

[
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RAW GAS 600°F

Py | (LOV) LIGHT OIL VAPORIZER

360°F ZZZ;/? 600°F 1215 psia

(LTR) LOW-TEMPERATURE REACTOR
I200°F 1220 psia

(HTR) HIGH-TEMPERATURE
REACTOR

/ 1750 °F 1223 psia

STEAM ,
s (EG) ELECTROTHERMAL
d-c ELECTRICITY / GASIFIER
e s 1900°F 1232 psia
STEAM B l
CHAR
I900°F A-1i2-962

Figure 8-1l4a. HYGAS REACTOR WITH ELECTROTHERMAL GASIFIER
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RAW GAS OUTLET
== TO QUENCH, CLEAN-UP
AND METHANATION STEPS

T INLETFOR ~— [i

COAL SLURRY\ /
] GAS-SOLIDS
i DISENGAGING
" N
SLURRY
DRYING
: FIRST-STAGE
HYDROGASIFICATION
{60 FEET OF GAS-SOLIDS
CONTACTING IN
) OUTER : RISER REACTOR)
- PRESSURE :
VESSEL
‘ S
GAS-SOLIDS
JACKET WATER —)
STEAM RECYCLE 1 }M""“G
1 : \
JACKET . .
Ca230ft ~—WATER SECOND-STAGE
RECYCLE HYOROGASIFICATION
- {FLUIDIZED~BED
REACTOR)
<
‘ ELECTROTHERMAL
HYDROGEN-RICH ___| “GASIFICATION (EG)
GASES (STEAM-OXYGEN GASIFICATION
. COULD BE UTILIZED HERE,
‘OR A SMALL KEAT-EXCHANGE BED
COUL.D BE EMPLACED IN THE
ELECTRODE~—] BOTTOM OF THE VESSEL IF
r HYDROGEN FROM A SEPARATE
STEAM-IRON UNIT WERE
EMPLOYED)
SUPERHEATED
STEAM
ELECTRICAL __ __
POWER INPUT K TOVATER
CARRIER __ _ . CHAR
MEDIUM QUTLET
EG FLUIDIZED-BED
LEVEL CONTROL
, ‘ , 0-64-946 ‘
Figure 8-14b.  SIMPLIFIED DRAWING OF CONCEPTUAL REACTOR

DESIGN FOR THE HYGAS DEMONSTRATION PLANT
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HYGAS - 0, BASED

HYGAS — STEAM-IRON

COCURRENT
COCURRENT
TRANSPORT ~” TRANSPORT
RAW GAS ‘ RAW GAS
I”‘\\
! i
| ~ STEAM
y
J FLUIDIZED BED L ELUE
AIR - ;:?\' 7 GAS
. P CIRCULATING
Y ot IRON SOLIDS
A-54-73)
HYGAS -ELECTROTHERMAL | a
KEY
'COCURRENT. ) GAS STREAM
TRANSPORT ! RAW GAS —" Y
{ . CHAR
! ASH
~ o U
' ) |} » .
FLUIDIZED BED< } | J | CORTACTING
STEAM T L CONTACTING
ELECTRICITY * A-54-728
Figure 8-15, GAS SOLIDS CONTACTING FOR THREE HYDROGEN-RICH

GAS PRODUCING PROCESSES INTEGRATED WITH THE HYGAS PROCESS
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About 337 of the fresh char feed to the LOV leaves the EG as a net
product. The carbon content of this char is the most difficult portion of
the coal to gasify. After cooling, depressurizing, and recovery, the EG
char is used as fuel to generate power for the EG unit and for process

steam. The EG char contains no volatile matter and has the following
composition-

wt %
57.76 N
0.67
0.99
2.75
sh 37.83
Total 100. 00

UiZO";E{O

b2

Electrically, the EG bed is a nonlinear resistive load. Because of bed
fluctuations, the load is unstable, varying in resistance over wide ratios
causing the current to vary in the same manner. The ratio of maximum to
minimum values of current can be as high as 4, and the character of the
current is nonsinusoidal. Because of these characteristics, a d-c system
is preferred. Voltage is supplied at about 15 kV above ground, which is
large enough to require careful design of all power take-offs as well as of
the electrode design configuration.

Of several designs that were considered for the gasification reactor, the
preferred design consisted of four fluidized-bed zones, mounted one above
the other, with the LOV uppermost in the vessel and the electrothermal
gasifier (EG) at the bottom. The "hot" zones, i.e., the HTR and the EG,
are internally protected.with 1-ft-thick insulation. The insulation is installed
on the inner alloy shell of a balanced-pressure, boiling water jacket. The
water jacket's temperature will be about 570°F. The external vessel shell
contains the pressure. With this design, a) fluidized-bed heat losses gen-
erate high-pressure steam, which is used in the process; b) the alloy inner
shell is relatively thin because of the balanced-pressure design; c) the outer
pressure-containing shell can be made of carbon steel; d) condensation is
avoided in the refractory lining; and e) the water jacket protects the vessel's
integrity if internal refractory is lost during operation.

An initial step in preparing the demonstration plant design was to estab-
lish the plant size, that is, ''the largest commercially feasible single-train
- plant.'" A detailed investigation was made to determine the size and con-
struction of a reactor for this plant. The study resulted in the selection of
a 24-ft-out side-diameter reactor because the technology was available to
construct pressure vessels of this size in the field. The reactor capacity,
which sets the size and capacity of the other plant equipment, is 80 million
SCF/day of pipeline-quality gas.




The reactor has an outside diameter of 24 feet and is 240 feet tall, in-
cluding skirt height. The weight of steel in the reactor is about 2750 tons.

Steam enters the reactor process area at 1250 psig and 1000°F. About
25% of the steam passes into the reactor above the EG fluidized bed and
mixes with the hydrogen-rich gas flowing to the HTR. The rest of the
steam is used to transport excess EG char to a cyclone separator. The
char temperature is reduced from 1900° to 1230°F as the transport steam
is heated. Steam from the cyclone separator enters the EG bed as the
fluidizing and reacting gas to produce synthesis gas. The cooled char
flows on to the char recovery.section. :

8.4.3 Main Stream Gas Treatment

The raw gas effluent from the gasifier must be cleaned, its composition
adjusted, and the gas methanated and dried to produce pipeline-quality gas.
The block flow diagram for this part of the plant is shown in Figure 8-16,
and stream data have been presented in Table 8-1.

8.4.3.1 Raw Gas Quench

Gas flows from the reactor at a. temperaﬁurg of 600°F and a'1215-psia
pressure. It has the following composition: o ’

. . ' ‘ " mol %
co 1780
cO, - “12.01
H, ’ 20.07
H,O0 14: 25
CH, 16. 62
C,Hs -  0.62
CeHe C . 0.21
NH, " 0.53
H,S 1.05
] Light Oil R 16.84
Total ~100. 00

Small amounts of the following components are also- present': HCN, COS, CS;,,
and, in the light oil, toluene, xylene, cumene, naphthalene, phenol, cresol,
and a heavy oil (667°F). -

The purpose of the raw gas quench is to condense and recover most of the
slurry oil present in the gas. The oil vapor content of the cooled gas should
be less than 2% before entering the shift conversion section of the plant. As
much useful heat as possible is recovered from the gas during cooling and
condensation. The process flow diagram for the section appears in Figure

8-17 and stream data are in Table 8-7. '
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The raw gas exits from the gasifier at a flow rate of 287 million SCF/day
and enters an ejector-type quench nozzle, where it is contacted by a 12,800
gpm flow of quench oil at 290°F. The quench nozzle is mounted high in the
air near the reactor outlet so that any tars and dust present in the gas are
rapidly cooled and flushed away, thus avoiding possible solids and tar build-
up in the transfer line. The gas and liquid mixture enters the first separa-
tion vessel at 400°F. This temperature is above the water dew point and is
high enough that some of the heat can.be economically recovered. - Quench
oil withdrawn from the first separator is cooled by generating 105-psig steam.
It then is cooled by an air cooler to 290°F before returning to the quench
nozzle. Excess oil flows t6 the oil stabilization sectlon of the plant.-

One-quarter of the gas from this first separator is routed to bypass the
downstream shift converter. The rest of the gas goes to the second-stage
cooling system through an air cooler which lowers the temperature to 175°F.
Because. water condenses at temperatures below about 390°F, corrosion may
be troublesome in this part.of the plant. The cooled mixture is separated
into oil, water, and gas phases. The oil is pumped into the first-stage
separator; the gas and part of the water flow to shift conversion. The rest
of the water is stripped to remove dissolved gas before flow1ng to waste-
water treatment.

-

8.4.3.2 Shift Conversion

. Gas entering the shift conversion section at 175 F and 1185 psig has the
following composition: L .
mol.'% :
CO . 26.3
¢Qz . 160
H, 30.1
H,0 " 0.6
.CH, .  24.5
C,H; © 0.9
. CeH 4
| NH, -
HS . 1.2

Total 100.00

The purpose of shift conversion is to adjust the ratio6 -of Hz/ CO to about 3
for the catalytic methanation of the gas. The shift conversion reaction takes
place over a catalyst in the temperature range of 600 to 800 F. The
reactmn .

. ‘ Lo | H,0+ CO'“H, +C0,. =5 o T



proceeds to the right to form additional hydrogen from steam and carbon
monoxide. The H,/CO ratio at the shift converter outlet is about 7. To
‘obtain the desired ratio of 3, shifted gas is blended with gas that bypasses
the catalyst bed. A process flow diagram is presented in Figure 8-18,
and stream data appear in Table 8-8.

The shift conversion catalyst chosen for this design is the BASF K8-11,
It is a cobalt molybdenum catalyst on a spinel base especially developed for
high-pressure systems. Because the catalyst is most active in the sulfided
form, some sulfur must be present in the feed gas. The catalyst is used
commercially with gas feeds containing up to 2% aromatic vapors without a
loss of activity. The catalyst resists size degradation in case liquid water
inadvertently contacts it at operating temperatures.

The shift conversion feed gas is saturated with moisture at 348 °F by
bubbling it through part of the foul water withdrawn from the raw gas quench.
Heat is supplied by exchange with the shift reactor effluent. The gas is
further heated to 650°F by additional exchange with reactor effluent, and its
steam content is adjusted to about 0. 7 moles of steam/mole of dry gas.

The shift conversion reactions take place over the catalyst contained in
two fixed beds. The forebed is sacrificial and is used only to protect the
main catalyst bed from fouling by gum formers or by solids carryover. If
the forebed plugs, it can be bypassed. The afterbed contains enough catalyst
to perform the desired shifting. The temperature of the afterbed gas effluent .
is 825°F. After heat exchange and generation of 50-psi steam, condensed
water is separated from the gas and is directed to the char recovery section.
The gas flows on to gas preconditioning.

8.4.3.3 Ammonia Scrub and Gas Preconditioning

A process flow diagram is presented in Figure 8-19 and stream data
appear in Table 8-9.

Gas from shift conversion is combined with bypass gas and with gas
stripped from the recycled slurry oil. The combined gas is air cooled to
180 °F, the liquids are separated, and then the gas is further cooled to 120°F
by cooling water before a second separation step. Process water from the
methanator is used to scrub ammonia from the gas at this point in the pro-
cess. Then, the scrubbed gas is refrigerated to 70°F for the final liquid
separation. Chilled gas from this separator flows on to the acid-gas re-
moval unit. Condensed oil is recycled to slurry preparation and condensed
water is directed to the ammonia separator.

8.4.3.4 Acid-Gas Removal (Rectisol)

s
¢

Feed gas flow rate to this unit is 220 million SCF/day. By scrubbing the
gas with methanol at low temperature in three towers, the Rectisol process
cleans the gas of all moisture and benzene and reduces the hydrogen sulfide

content to 0.1 ppm and the carbon dioxide content to 0.15%. The feed gas
has the following composition:
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'mol%

co 11.5
' Co, 26.6
H, | 37,9
H,O Trace
CH, 21.7
CH, . 0.8
CeHy 0.3
H,Ss 1.2

k Total 100.0

A process flow diagram is presented in Figure 8-20 ahd stream data
appear in Table 8-10.

The gas first enters the benzene wash tower in which both oil vapor and
moisture are removed by scrubbing with methanol. The gas is cooled by
heat exchange and flows to the hydrogen sulfide wash tower where it is
scrubbed by methanol containing CO,. The final scrubbing takes place in
the CO, wash tower. Two solvents are used in this tower. The greatest
solvent flow is flashed methanol, which contains some CO,. Methanol free
of CO; is used at the top of the tower for the final wash. The CO, heat of
absorption is rejected by intermediate stream refrigeration in the absorber.
Part of the CO;-rich methanol is used as solvent in the H,S wash tower: the
remainder flows to the stripping section. Cold, clean, product gas is heat
exchanged with feed gas to reduce the plant's refrigeration requirements.

The Rectisol process is propnétary. therefore, only limited details
are presented here. Discussion of the second part of this two -stage process
appears in Section 8. 4. 4. 2. »

8.4.3.5 Sulfur Clean-Up Guard. .Beds

Gas from the Rectisol scrubbers is clean enough to feed directly to the
methanation unit: however, as additional protection for the methanation
catalyst, sulfur guard beds are used. These fixed beds are contained in two
parallel vessels. The entering gas flows through one or the other of the beds.
Sulfur compounds contained in the feed gas are removed to very low levels
by chemical reaction with the bed material. A process flow diagram is
presented in Figure 8-21 and stream data appear in Table 8-11. -

Zinc oxide was chosen as the reagent for this design. It is effective in
removing only H,S at the 117°F temperature used. If applied from 500° to
700°F, its capacity for sulfur is increased from 3 to 17 weight percent and
organic sulfur compounds as well as H,S can be removed. When the zinc
oxide is spent, it will be returned to the supplier for recovery. -

8-49
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Table 8-10.  ACID-GAS REMOVAL STREAM DATA FOR THE
- HYGAS DEMONS'I’RATION PLANT

* o) :
e TR
T 23 a4
":3) _%9; 5 @ 68 a é: w
1] ~ a 5]
o SE 30 FuG. OO
Stream Description ‘
Stream Number - 2506 2601 2602
Weight Flow, ‘M Ibs/hr , 484 182 261
MM SCFD, dry basis | 220 156 55
Density at Op. Conditions 3.42 1.82 - 0.13
Temperature, °F 70 117 - 60
Pressure, psia | 1096 1061 16.5
Molecular Weight 20.0 10.6 = 43.2
Component, mols/hr
CO, _ 44,01 6440.0. 25.6 5810.0
H,S ' : 34,08 280, 3 0.1l ppm 5 ppm
H,0 | 18.02 5, 6 -- --
H, ‘ 2.02 9176.2 °9123.4 52.5
CH, ' 16,04 5211.0 5195,4 13,3
C,Hs .30.08 190.0 32.4 - 154.2
CeHy ~ 78.12 66,0 - S
C,Hg+ 94.06 = 4.4 - --
CH,0OH . _ 32,04 -- 0.6 1.7
Total ‘ 5 24154.5 17154.2  6035.7
k
}
A7506 1666
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Table 8-11. SULFUR CLEAN-UP GUARD BEDS SECTION STREAM
- DATA FOR THE HYGAS DEMONSTRATION PLANT

Es ]
£ g E
o o g o
0 ¢ o9
N A‘ o b “ E ,
Stream Description o0 Ao
Stream Number 2601 2701
Weight Flow, M lbs/hr 182.0 - 182.0
MM SCFD, dry basis 156 156
Density at Op. Conditions 1,82 1.81
Temperature, °F. ’ 117 117
Pressure, psia ' 1059.7 1053
Molecular Weight 10.6 10.6 .
Component, mols/hr
COS ' , ‘ 25.6 25,6.
H,S . R 0.0017 0.00034
H,O - | 0 0
CO . .. 2776.8  .2776.8
- H, | 9123.4 9123.4
CH, L | 5195, 4 5195, 4
C,H, S 32,4 32.4
CH,0H - 0.6 0.6
- Total 17154,2 - 17154.2

A7506 1667

8=53



Metal-oxide-promoted activated carbon is a practical alternative reagent.
It is effective n H,S removal only and may not be satisfactory when much
COS is present. When the promoted carbon is spent, it can be regenerated
in place using air and steam. During regeneration, the sulfur is converted
to the elemental form and is absorbed by the carbon. After several cycles,
elemental sulfur present interferes with the adsorption of sulfur compounds
from the gas, and the carbon must be replaced. '

8.4.3.6 Methanation

Cleaned gas enters the methanation unit at a rate of 156 million SCF/day
with the following composition:

ofe) 16.2
H, 53,2
CH, 30. 4 |
C,H, 0.2
Total 100.0
The methanation unit converts CO and H, to methane by the following
reaction: . . .

CO + 3H2 - CH4 + Hzo

Ethane in the feed gas is hydrogenated to methane. The 530 Btu/SCF heating
value of the feed gas is increased to 954 Btu/SCF in the dry gas leaving the
methanator. A process flow diagram is presented in Figure 8-22 and
stream data appear in Table 8-12.

The methanation reaction takes place over a nickel catalyst contained in
four fixed beds. .The reaction temperatures range between 550° and 900°F.
The reaction is highly exothermic, generating 94,860 Btu/mole of CO reacted.
The main problem in the design of this unit is to perform methanation to the
desired extent and remove heat usefully from the process-so that the reaction
temperatures will not exceed 900°F. Higher temperatures may reduce
catalyst activity and may also result in carbon formation from the gas.

In this design, the heat of reaction is removed as sensible heat in the
reactor effluent gas. By limiting the CO content of the reactor inlet gas to
about 4%, the outlet temperature will not exceed 900 °F when the inlet tem-
perature is 550°F. The CO content of the feed is adjusted by product gas
recycle. The amount of recycle’is reduced by increasing the number of
methanation reactors. The volume of catalyst used corresponds to a space

velocity of 8000 hr"". The catalyst is contained in four reactors in the ratio,
from first to last of 1-:2:4:8. The inlet temperature to each bed is 550°F and
the outlet temperature is 900°F. .
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Feed gas entering the first bed represents 6. 7% of the total. This is .
blended with recycle gas to 4. 2% CO content, preheated to 550°F, and fed
to the first reactor. The rest of the feed gas is mixed with recycle to obtain
- a 7.9% CO content. This mixture is then divided in the ratio 1:2:4 and fed
to reactors 2, 3, and 4. Before entering each of these reactors, 900°F
product gas from the preceding reactor joins the feed, preheating it to 550°F
and reducing the CO content to 4. 2%. Effluent from the fourth reactor heats
feed gas flowing to the first reactor, and then generates 250 psig and 50 psig
steam before being cooled to 150°F. Separated gas is compressed for re-
cycle to the methanation reactors and to boost the final product gas pressure.
Separated water is used to scrub ammonia from gas in the ammonia scrub
section.

. /
8.4.3.7 Product Gas Drying

The product gas is dried to a moisture content of less than 7 1b/million
SCF by scrubbing with 13 gpm of triethylene glycol. The dried gas dew point
is —40°F. A conventional glycol absorption-stripping plant is used. The
80 million SCF/day of product gas has a temperature of 115°F and a 1035-
psig pressure, and the following composition:

CH, ‘ 91.9 mol %

H, ‘ 8.0 mol ¥

CcO Trace (160 ppm)

H,0 Trace (120 ppm)
. Co, 0.1 mol §
!

Total 100.0 -
Its heating value is 954 Btu/SCF, and it is completely interchangeable with
natural gas. A process flow diagram is presented in Figure 8-23 and
detailed stream data appear in Table 8-13.
. kN

8.4.4 Process Section Environmental Control Units

"These units handle and dispose of s1de streams from the main process
flow. They are shown in Figure 8-24. Potential pollutants that are re-
covered or treated in these units include dissolved gases, oil, sulfur com-
pounds, amimonia, phenol, and hexavalent chrome salts.

8.4.4.1 Oil Stabilization

' The purpose of this unit is to stabilize the gassy oil recovered in the raw
gas quench before the oil is recycled to char feed preparation. Oil feed is
flashed in three depressurizing stages. The atmospheric-pressure separating
vessel is maintained at 150 °F by steam heating. The stabilized oil is pumped
to storage and from there it is recycled to char feed preparation. The net
oil make is withdrawn at a rate of about 1000 bbl/day. The flashed gases
from each stage are compressed to the preceding higher pressure stage. .
Gas compressed from the highest pressure flash drum reenters the main

~
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Table 8-13.

Stream Description
Stream Number

Weight Flow, M lbs/hr
MM SCFD, dry basis
Density at Op. Conditions
Temperature, °F
Pressure, psia

. Molecular Weight

Fuel Equivalent
Component, mols/hr

CO,
H,O
H,
CO
CH,

Total

Molecular
Weight

44.01
18.02

2,02
28.01
16.04

et Product

Dry Préduct

3
o Gas
—

131.2
79.7
2,57

115
1050

14,95

8225

w00 Owu

8049.3
8761.0

PRODUCT GAS DRYING STREAM DATA FOR
THE HYGAS DEMONSTRATION PLANT

Water
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flow stream after shift conversion and before the ammonia scrub section.
Some dissolved water separates from the oil in the first flash separator. It
is sent to the ammonia separation process unit. A process flow diagram i
presented in Figure 8-25 and stream data appear in Table8-14. )

8.4.4.2 Acid-Gas Stripping (Rectisol) -~

This is the stripping section of the Rectisol unit. Three methanol feed
streams enter this part of the plant: One contains benzene and water as the
main impurities, another contains dissolved H,S and CO,, and the third con-
tains CO,. Net products from the stripping unit include a CO;-rich gas
containing less than 5 ppm H,S, an H,S-rich stream containing more than
25% H,S, and a liquid benzene stream. This unit contains six separation
columns, a recycle compressor, plus auxiliary equipment. The flow scheme
is complex and a detailed description will not be given; however, a process
flow diagram is presented in Figure 8-26 and stream data appear in
Table 8-15.

Methanol -containing benzene and water is diluted with additional water to
separate the dissolved benzene. Then the methanol-water mixture is dis-
tilled for recovery of the methanol. Methanol from the H,S and the CO,
absorbers is stripped in separate towers to remove dissolved methane, which
is recompressed to the main gas flow system. The CO, content of the H,S-
rich methanol is reduced by stripping at lower pressure, and then H,S-rich
gas is recovered by heating the solvent. The CO;-rich methanol is stripped
by flashing. . .

The Rectisol process is effective in cleaning coal gasification gases, and
the quality of the recovered acid-gas stream is good. Undesirable process
features include the complex flow scheme, the need for refrigeration, and
the loss of about one-half of the ethane in the feed gas which is finally pro-
duced in the CO,-rich gas. The 2.5%.ethane content of this gas is high.
enough that the stream cannot be vented directly to the atmosphere. The
CO,-rich gas is used as inert gas in the coal pretreatment step before it is
finally burned in the boiler. The H,S-rich gas flows to the Claus process,
and the recovered benzene to char feed preparation. A very small net
water flow is produced which passes to waste water disposal.

8.4.4.3 Ammonia Separation (Phosam)

The ammonia separation unit receives process water from the ammonia
scrub section, the oil stabilization section, and the raw gas quench section
of the plant. The water is rich in dissolved ammonia, hydrogen sulfide, and
carbon dioxide. This plant strips the dissolved gas from the water and
recovers an ammonia product. A process flow diagram is presented in
Figure 8-27 and stream data appear in Table 8-16.

Steam-stripping is used to remove the dissolved gases from the process
water feed. Major components of the stripped gas are NH,, H,S, CO,, and
H,O with a small amount of light hydrocarbons. Ammonia is selectively
removed from this gas by the Phosam process, a development of the United
States Steel Engineers and Consultants, Inc., a subsidiary of U.S. Steel Corp.
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Table 8-15. ACID-GAS STRIPPING SECTION STREAM DATA FOR
THE HYGAS DEMONSTRATION PLANT

L]
]
L]
b JEET
v.c
o
o o
=B

Stream Description
Stream Number

Weight Flow, M lbs/hr
MM SCFD, dry basis
Density at Op. Conditions
. Temperature, °F
lPressure, psia

Molecular Weight

Componeht, mols/hr

co,
H,S
H,0

H,
CO
CH,
C,H,

CeHy
C. Hg+
CH;0H

Total

7/

44.01
34.08
18.02

2.02
28.01

. 16.04

30.08

78.12
32.04

8-66

Fraction

(SN ]

o o~ Benzene
o
raad

L ]
-J

51,2

65.8
4.4.
3.4

74,6

Lom
g
w0 5w
< B
3602 3605
36.3 0.1
8.1 -
0.27 57.3
36 - 300
35 , 59
40,7 18
603-9 : --
279.9 -
- 5.6
0.3 —
0.2 _—
2.3 —
3.3 _—
0.2 -
0.8 —
890.9 5.6
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In the Phosam process, the stripped gases are scrubbed in an absorber

.by an aqueous solution of ammonium phosphate, which selectively removes

ammonia from the gas. Gas from the absorber contains less than 200 ppm
of ammonia and it is cooled before flowing on to the Claus-plant. The rich
solution from the absorber is flashed to remove dissolved acid gases and
then is stripped of excess ammonia and water. The regenerated solution is
cooled and recirculated to the absorber. The ammonia-water overhead of
the stripper is fed to a dehydrator tower from which an overhead product

of 30 tons/day of anhydrous ammonia is produced. Water from the dehy-
drator flows to waste water treatment.

8.4.4.4. Sulfur Recovery ,‘(Claus Plant)

.

/

The Claus plant converts H,S to elemental sulfur by these chemical
reactions: :

H,S+ 1.5 0, @ H,0 + SO,
2H,S + SO, = 2H,0 + 38

Two reactor stages are used, which results in greater than 93% sulfur re-
covery. A process flow diagram is presented in F1gure 8-28 and stream
data appear in Table 8-17. : '

Two sources of feed gas enter the plant. The largest flow is from the
acid-gas stripping section and the other from the ammonia separation plant.
Orne-third of the total acid gas is burned in the noncatalytic furnace and its
heat of combustion generates 250 psig steam. Combustion gases are mixed
with bypass gas to yield the desired H,S/SO, ratio of 2. In the first stage
reactor, H,S and SO, react over a bauxite catalyst in the 460° to 660°F
temperature range. Effluent gas is cooled, and condensed sulfur is separated.

Reheated gas flows to the second-stage. reactor, where add1t10na1 sulfur
is formed. After condensing and separating the sulfur product the tail gas
flows on to incineration. -It contains slightly more than 1% of sulfur com-
pounds, which are mostly unreacted H,S and SO,. Other sulfur compounds in
the tail gas are COS, CS,, sulfur vapor, and liquid sulfur mist. Liquid
sulfur is collected in a pit, from which it is pumped to solids sulfur storage.
About 100 long tons of sulfur/day are produced.

..8.4.4 5 Incineration and Tail Gas Treatment

The tail gas from the Claus plant is too polluting to vent directly to the
atmosphere. The tail gas is combined with sour vent gas from the char
feed preparation section and burned to convert all of the sulfur to SO,. The
combustion gases are then scrubbed by a limestone slurry to remove SO,
before release to the stack. The limestone scrubbing tower is located near
the Claus unit. It receives a slurry slipstream from a central limestone
slurry supply system that also supplies slurry to the power plant stack
scrubbers (see Figures 8-29 and 8-30). A ,
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8.4.4.6 Waste Water Treatment

The waste-water treatment system was designed to meet the standards of
the State of Illinois. Several different sources of waste water enter this
system.  The flow rates of these streams, their contaminants, and the
methods of treatment used are discussed (see Figures 8-31 and 8-32).

The process and power plant cooling towers blow down about 800 gpm of
water to control dissolved solids buildup to 1000 ppm. A chromate corrosion
inhibitor is used in conditioning cooling tower water. The 20 milligrams per
liter (mg/¢ ) of hexavalent chrome in the blowdown water must be reduced to
trivalent chrome so that chromic hydroxide can be precipitated by lime
addition. The reduction is performed using sodium bisulphite or SO,. After
precipitation in the hydroxide form, less than 1 mg/¢ of trivalent chrome is
contained in the treated water (see Figure 8-33),

Part of the treated cooling-tower blowdown water joins the plant effluent
and the remainder is used as inakeup in the limestone slurry section. Coal-
pretreatment quench-section water supplies the rest of the water makeup to
the limestone slurry system. About two-thirds of the water entering the
limestone slurry system is lost by evaporation; the rest is associated with
the gypsum cake discharged from the system.

‘Excess water flows from the char recovery unit at 495 gpm. This water
is contaminated by 1600 mg/¢ of NH,, 370 mg/¢ of H,S, 420 mg/£ of oil, and .
10 mg/% of phenolic material. Water from the ammonia separation section
containing ammonia and caustic (1500 mg/£ ) joins the char recovery water

at a rate of 38 gpm. The combined stream is stripped to reduce its NH, and

H,S concentrations to below 100 ppm. The stripped water is joined by regen-
eration water from the power plant water-treatment facilities and water-

softener backwash water. These two streams contain about 1000 ppm of

total -dissolved sélids, and their average flow rate is 570 gpm. An additional

0.2 gpm of water containing 100 mg/£ of methanol from the acid-gas stripping
section joins the above water streams as they flow into the aerated lagoon.

The aerated lagoon is designed to treat 1. 6 million gal/day with a holding
time of 2 days. The lagoon has a depth of 10 feet and a surface area of about
1 acre. Three floating aerators cool the water and raise the dissolved oxygen
content for biological treatment.’ '

From the aeration lagoon, the water enters a two-stage, activated sludge
system which uses an enriched oxygen atmosphere. The first stage removes
H,S and organic material. The second stage removes NH;. The H,S is con-
verted to sulfites ‘or sulfates, NH; to nitrates, and the organic material to
water, CO,, and a biological cell mass. This system differs from a conven-
tional sludge system in its use of oxygen instead of air, the covering of the
activated sludge tanks, and the internal partitioning of the sludge tanks.
Wasted sludge is oxidized in aerobic digestion tanks using waste gas from
the activated sludge tanks.

Blowdown streams are collected from process steam generators, from .
the high-pressure process boiler, and from the electrothermal gasifier
power-plant boiler. The total flow rate is about 206 gpm and the dissolved
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solids content averages about 2000 ppm. These streams are mixed with part
of the treated cooling-tower blowdown and with all of the water from the two-
stage biological treatment. The combined stream represents the treated
plant effluent water and flows at a rate of 2. 4 million gal/day. The water
contains 500 ppm of total dissolved solids, 5 ppm of H,S, 2.5 ppm of ammonia,
and less than 0. 2 ppm of phenols.

8.4.5 Utilities and Miscellaneous Support

Figure 8-34 shows the interrelationship of the utilities and other
miscellaneous supporting facilities. Figure 8-35 is a process flow
diagram of the stearmn and water utilities for the HYGAS demonstration
plant. A proposed site plan is shown in Figure 8-36, and a proposed
plot plan is presented in Figure 8-37.

8.4.5.1 Water Treatment ~

The quality of the local water supply and its specific treatment were not
‘known because the plant site has not been selected; however, clean pre-
treated water was assumed to be available at the plant battery limits. Feed-
water to the high-pressure boilers is demineralized and deionized: the esti-
mated requirement is 1130 gpm. Softened water at 4100 gpm is supplied to .
low-pressure steam generators and for cooling-tower makeup. Allowing
for demineralizer and softener regeneration, backwash requirements, utility
and fire protection needs, and water for drinking and sanitary facilities, the
total water requirement is about 6500 gpm.

In the gasification process, 520 gpm of water is chemically consumed.
Boiler blowdown requires 206 gpm of water and cooling tower evaporation
and blowdown amounts to 3600 gpm. The. wet limestone scrubbing system
requires 460 gpm, which is evaporated or lost as moisture in the solids
product. The remaining quantity of water leaves the plant as treated waste
water.

8.4.5.2 Boilers and Power Plant

To supplement the saturated 1250-psig steam generated in the main
reactor water jacket, a 400,000 lb/hr high-pressure process boiler is used
which generates both saturated and superheated 1250-psig steam. At
several locations in the process 250-, 100-, and 50-psig steam is generated.
The lower pressure steam is used mainly for turbine drives, for heating,
and for deaeration. The high-pressure steam is used in the gasifier reactor
and in the shift conversion unit.

The electrothermal gasifier requires 110,000 kW of electricity. This
power is generated by an in-plant boiler turbine-geneérator set, which is
fueled by char produced from the EG unit and by pretreater off-gas.
Including associated auxiliaries and controls, a total power plant capacity
of 116 MW is needed. The superheat-reheat steam boiler operates at
1800 psig, 1000°F steam conditions, and 3. 5-in. Hg of turbine exhaust
pressure. The system is designed to utilize available heat from process
units for.feedwater heating.
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Plant power requirements, aside from the EG unit, amount to 40,000 kW.
Purchased power fulfills this requ1rement ’

8.4.5.3 Power Plant Stack-Gas Scrubbing and Lirnestone ‘Slurrj Supply

The electrothermal gasifier char which lS used to fuel the boilers and
power plant contains 2. 75% sulfur and 37.8% ash. Sulfur content of the fuel
is high enough that equipment must be provided to scrub the power plant
stack gas for SO, removal. About 60 tons/hr of electrothermal gasifier
char is the primary boiler fuel: the secondary fuel is off-gas from coal

' pretreatment which has a heating value of 39 Btu/SCF and contains 0. 45%

SO,. The power plant flue gas flow will be about 844,000 actual CF/min
at 300°F and 14.2 psia. It will contain 0.29% SO,. This represents about
45% of the sulfur contained in the feed. coal.

A wet limestone scrubbing system was selected to clean the power plant
stack gas primarily because it appears to be the stack-scrubbing system
which will be most widely used by the utility industry. Wet limestone
scrubbing is used not only to clean the boiler stack gases, but also to
scrub a relatively small incinerated stream of Claus plant tail gas.

The limestone makeup rate to the slurry supply system is 22 tons/hr.
This represents a stoichiometric excess of 50% limestone. Moist spent
stone for disposal amounts to 53 tons/hr. The gas to be cleaned enters the
cooling section of the scrubber where it is saturated with moisture at a
temperature ranging from 115° to 135°F. Fly ash is also removed during
the cooling process. The saturated gas then enters the scrubber absorption
section where the SO, content of the gas is reduced by reaction with limestone
slurry to form calcium slufite and some calcium sulfate. Formation of
calcium sulfate may cause scaling problems. To reduce this problem, the
slurry concentration in the scrubber recycle stream is held from 5 to 10%.
Effluent 'slurry from’'the scrubber flows to a thickener and from there to an
ash pond or filter. Ultimate disposal of the spent stone will be in the coal
mine. The remaining support facilities are described briefly.

8.4.5.4 Ash Handiing

The total ash production rate from the boiler is estimated to be about
26 tons/hr. Molten ash from the slagging boiler discharges from the furnace
bottom in a continuous stream into water-filled slag tanks. The solidified
ash in water slurry is per10d1ca11y transferred to dewatering bins from
which conventional dry ash is transferred into the coal mine for d1sposa1
Ash handhng is outlined in Figure 8-38.

8.4.5.5 ,Refrﬂer-a’uon Unit

The refrigeration unit is designed to deliver 1500 tons of refrigeration at
~50°F to the acid-gas scrubbing section and 900 tons of refrigeration at 60°F
to the ammonia scrub and gas- precond1t1on1ng sec'uon A conventional
ammonia refrigeration system is used.
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8.4,5.6 Inert Gas Generator

The inert gas generator is designed to supply a maximum flow of 2100
SCF/min by combustion of pipeline gas. Gas from the generator is cooled ‘
and compressed to 100 psig and 1250 psig and stored in receivers of 6000-SCF
capacity each, The inert gas is used primarily during startup and shutdown
of the plant, although during operation it is used for some instrument purges.

8.4.5.7 Storage Tanks

The storage tanks planned are as follows: 3 slurry oil tanks of 9000-bbl
capacity each, 6 ammonia tanks having a capacity of 34,000 gal each, 1
methanol tank of 28,000 gal capacity, a 2000-gal storage tank for glycol, a
4000 -gal tank for phosphoric acid, and a 10,000-gal tank for caustic storage.

8.4.5.8 Mobile Equiprhent

The following mobile equipment is needed. Twenty heavy-duty, off-road
dump trucks will be required for ash and gypsum disposal; 1600 to 1700
tons/day must be hauled 7 days/week at 1 shift/day. One clam-shell bucket,
rail or caterpillar mounted, is needed as well as one heavy-duty bulldozer
and two Huff Payloaders to unload and transfer a maximum of 550 tons/day of
limestone to and from the dead storage pile and to load an average of 100
tons/day of sulfur into railroad hopper cars. The additional equipment
needed includes two pickup trucks, one fire engine, one A-frame flat-bed
truck, one 1-1/2 ton flat-bed truck, one Dempster Dumpster with four bins,
one ambulance, and 3 sedan automobiles. .

8.5 Manpower Estimate

The total number of personnel needed to operate the HYGAS demonstra-
tion plant is estimated to include 60 salaried and 28] hourly people. This
estimate includes the plant manager; an office manager with accounting,
purchasing, and warehousing responsibilities; a safety and inspection mana-
ger; a technical manager who handles technical service, engineering, and
laboratory; an operating superintendent; and a maintenance superintendent.
In operations, a total of 24 operators will be needed with 96 helpers, 12
boardmen, and 39 shift breakers and extra coverage men. The maintenance
manpower includes 20 pipefitter-welders, 25 mechanics, 20 electricians
and instrument men, 20 general utility men, and 25 laborers. 'A plant
manning organization chart appears in Figure 8-39. -

8.6 Project Schedule

Field construction could begin 18 months after engineering is started. At
this time about 50% of the engineering should be completed. The construc-
tion time will cover a, period of up to five years, dependent upon the pro-
curement schedule, which is controlled by design and field construction of
the hydrogasification reactor. The boilers and turbine generator in the
power plant would require about 21 months for delivery and field erection.
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8.7 Suggested Areas for Design Improvement

The HYGAS demonstration plant design described uses commercial pro-
cesses or techniques throughout except for the coal gasifcation reactor and
the methanation system. This preliminary design shows the feasibility of
constructing large coal gasification plants as soon as the gasification and
methanation steps are proved at the pilot plant level. In studying this design,
it is apparent that improvements in several areas could contribute to in- ’
creasing plant reliability, decreasing costs, and reducing process complexity.
Most of the improvements require new designs, new equipment, or new pro-
cesses: discussion follows,

8.7.1 Process Design Improvements

8.7.1.1 Generation of Hydrogen

Electrothermal gasification as used in this design for the generation of
reducing gas has several advantages. A minimum amount of CO, is con-
tained in the gases produced from the electrothermal gasifier unit. The
gasiflier bed is of simple design, and the gasification rate is readily con-
trolled. By withdrawing difficult-to-gasify char for power plant fuel, only
the more reactive portions of the coal feed are gasified.

In a practical plant design, however, the disadvantages of electrothermal
gasifica.tion become - apparent The large conventional power plant required
is not only expensive in capital cost, but it is also costly in reducing the
plant's thermal efficiency for converting coal to pipeline gas. Because of
the char fuel's sulfur content, stack-gas scrubbing is needed for the power
plant. The total cost of the power plant, its stack-gas scrubbing system,
and the power-conditioning. systemm amounts to more than half the cost of all

the process units. Electricity is supplied to the electrothermal gasifier as

direct current at about 13,000 volts and 8400 amperes. .Very real design
problems are encountered in safely introducing this electricity into a process
vessel that operates at 1200 psi and 1900°F. These questions must be
answered: What kind of pressure seal can be used on the electrical cable
and how will the cable be electrically insulated as it enters the vessel?

" The current flows through the fluidized bed of the EG reactor, radially, from

a central electrode to a peripheral concentric electrode. With this electrode
configuration, the heat release is far greater per unit of bed volume near the

" center electrode than in an equal volume near the outer radius of the bed.

Unless heat release is carefully modified by electrode design or by control
of flows within the fluid bed, hot spots may occur causing localized fusion
of coal ash and of the central electrode surface.

An alternative to electrothermal gasification is steam-oxygen gasification
(OG). The function of OG is the same as EG, that is, to generate reducing
gas by the steam carbon reaction with char from the high-temperature reac-
tor. A major difference is in how the heat of reaction is supplied. Heat is
supplied to the OG fluid bed for the steam-carbon reaction by burning part
of the carbon with oxygen.

The OG operates from 1850° to 1900°F. Instead of producing a large

volume of char as does the EG, thé OG's solid product is a low-carbon-
content ash. More CO, is generated in the OG gasifier which increases

8-87



