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Abstract — This study developed the black liquor evaporation process models using the multiple-effect-evaporator
according to the number of effects to predict steam consumption. The developed models were divided into the black
liquor preheating and evaporation processes, and a virtual reboiler was added to predict steam consumption. In
simulation results, the steam consumption in the double-effect-evaporator was decreased by 48.9 %, and as the number
of effects increased, the steam consumption was decreased. Finally, the steam consumption in the octuple-effect-
evaporator was decreased by 61.2 %. Also, this study suggests a strategy for deriving the optimal number of effects in
the process by analyzing the latent heat recovered from the saturated vapor produced in the multiple-effect-evaporator
and the amount of saturated vapor produced by each effect.

Key words: Black liquor, Evaporation process, Multiple-effect-evaporator (MEE), Process modeling

LM B

"To whom correspondence should be addressed.
E-mail: htcho@kitech.re.kr, kjh31@kitech.re.kr

_THE UJ x—“x] }\}ﬁP_ __rr'_zﬂg] _Tﬁiﬂi
A} A1 ANIAZ AbgakaL Q7] skl dnkao

913 @ ool B}

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

25

A 3YS e7s0] TP BRI o5 B 24 Yo

Hbgsh= 98 8% 07 353 1.



26 A

IJYZE =
SEFY 48

YOI F el AR e

oo ﬂouoﬂ‘/]H)d

AX 79 wi%?] FZ 05’—_ x%ﬂJ/}. &5
A Ao} Bl 3ol AR A E Tt
= vpEelA Alfsof o] PEm ?ﬁﬂ L, = 7H
A el o ghe 5 Hrs} 3ol AARSETH2,3).
HEZE A2 24 T FLTGeIM 2nlH= 28 oluAE

T —u

¥ mlo

ol

(Multiple-effect-evaporator) & T3

Ay Foll BlE = A9k &~
o“ﬂr A7IA, vs &8 TH=
Hjdsto] Sk7] oA At

fol
o o
TU o|X
=9 WE
_IE ~

m{‘é
=2,
b o
O
)
2
2/
rlr
h

il r> e
e o & BN
ol ofN Hd AL om

T
1)
N
i
2
o
of

ol
2
ol
T
)

=

ol 3t AEES HA4slshk= A A
SIS A Hg w2

3k

¥ 3 Qlct V. Ja 1shree A vLL 1
THE-& A7) A, A1 v 8-S Fol7] 8 7€ TR
Nzl st A& ﬂﬁﬂﬁur/]’ SHEe] 4 vE-S Fo17] 4
], 2% AvRE Hasslust 75 58 T2 H4 9 oY
3% 37 07 X ZHAR A HA 23S ek 1E
R 573 4= M A= Ry A ) EEH}\] BHas F7HeRE 4

sto] 71E8] FH R 5.77%2] A8 7:3 ok Verma%[6]

_/,:?51—2-1 =] uﬂag_ o]

ato] 3|54 oY
W7ol Eol7h= e AE‘ﬂrz‘f”ﬂoﬂ 2
o] HAHE FkeE 1 AN VNE 1w

2HE 11.6% =Y 7 Sl R Bhargava 517

2 FN
F_u ;
A -
g
2

_Hl
lw
o 1%
1o,
M
e r:%
[F k1 ooN flo b g

o{}l
TUE
o |

2

ey
=

b, o

10 rlo

:0:1’1 J&oll

-

o\

folr o,

ofo roc>
T

B ukEhAl .

% 9
el A4 el o 710) TR Sols) Aglo] 57,
Zoje] ol g, 2e) LEd gR, S Y 58 24
sfo Fel sl 2ue] Ok Hashyrh. shAu 2 hn)
of thet T2 v el SIS 2ol £a157)S Arje
sarhE, AT 1520 witee] 35S 79 wiee] FHEAOE
FEA7IE BN AP FIE7)E BF A58 20
obA| 3, ZUHE el AnlE 2E 9] Gk w Eg S5 v
w3l A of 84y Bk 5 ik weba S Fu 2o,
Fu7) 5ol W2 28 AR o5 9L A3t Ao v a5
A Olel 1] e
ATANE Zo) ZuF el 2l 29 AUFS 53
7) 4 8l 7] ol e v B8 FUEH 2ES s,
e 34 o) AEelold Ak el S S ekl
R 3153, 28 AR, 7 3] 9] Ea57) Al v
AFEL AFH 0 BASel A FW] & £EL 98 PAS

A A ST
2. S™8I

2l S22 Fig. 13} 20] 340 3(Wood chips)©] 53ll(Cooking)
s (Washing) & FAHL A AAE /]EOH(WBL)—— 3Rl
2] (Recovery boiler)ol A A4x3}7] A3t -7 2] 53 H(SBL)S
2 A37)= Folrhse]. S8l B AlA 3 747@ AdE BE
AN = 7] W 7] TA RO E FAE] Sl oAl &
71 e wE ade], Fr Ao R ' P\%E%, F3t e
F, A EFO| THIL. S 55417171 S18iA “ri/\]‘g-
k= e 5.8 T 9] A AAave FHE 5

= 5Hon AnlEs 29 dase) ¢ S R old SN A S e U9 @
WAl B} 2RO A4 B BE TAE F9A0E I ANESI] Ul T8 F0 2vE S B e 0w
2} o] 8 Tl A A" ¥ % MZ AYgoz 5 83 5 olek S N(WBLYS WA H2o} o A7 (Pre-heater) S
27| sh= Zlo] Skl anlEE ARE U Y o ke A Sl A 27t okl AHE AW SE7](Elel Eo17ha,
e =EAG oju] A YAk oA BGEE AUAHE T A T
A
\  Water
+ 48.1 kg/s
U
Pammmmmmameeeesacacmmmemaaaatacacaacaaaaanacaamaaanannn
. Evaporating 5
ty M}y ™M I IO :
¢ .
Cooking e i ‘ : h %
Wood & WBL s Lol £1 b E2 f—> e o « —ENI » EN S]?L ' /Recovery
chips \|heater ; i iV \_ boiler
washing ' : .
: T \
. REB REBH @ e ey
: Bamk L 132kes
Cakgs =~ ! Dry solid 79 wt%
Dry solid 17 wt% ” "0 Water 21 wt%
Water 83 wt% . eee- ¢
b ettt te et ettt tee et ee e eeeaas 3
—— Black liquor ------ > Steam »Vapor » Condensate

E : effect, REB : reboiler, FD : flash drum

Fig. 1. Block diagram for process modeling of multiple-effect-evaporator (MEE) with pre-heater.
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Fig. 2. Process model of multiple-effect-evaporator (MEE) with pre-heater.
Table 1. Specification of each stream and block in process model
Stream & Block Description Specification Value Unit
Temperature 25 °C
Pressure 7 kg/em?
WBLI1 Feed weak black liquor to pre-heater gemg
Flow rate 61.3 kg/s
Composition H,0 (83), C;;H,,0,(17) %
Temperature 172 °C
STM-INI Feed steam to 1% evaporator Pressure 16[11] kg/em’g
Composition H,0 (100) %
Cold stream inlet temperature 25 °C
HX1 Pre-heater before multi-effect Cold stream inlet pressure 7 kg/em’g
evaporation section Hot stream inlet temperature 100 °C
Hot / cold outlet temperature approach 5 °C
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Table 2. Total latent heat(Q) used in multiple-effect-evaporation [kJ/s]
n® effect, n
Number of N N-1
effects, N Q Q Q Q Qs Qs Q Qs X O Z 0n-3 0O,
1 16,772 - - - - - - - 16,772 -
2 53,317 16,772 - - - - - - 70,089 53,317
3 32,487 37,688 16,772 - - - - - 86,947 16,858
4 22,575 26,044 28,832 16,772 - - - - 94,223 7,276
5 16,948 19,570 21,756 23,535 16,772 - - - 98,581 4,358
6 13,304 15,393 17,222 18,780 20,018 16,772 - - 101,489 2,908
7 10,732 12,487 14,060 15,418 16,585 17,512 16,772 - 103,566 2,077
8 9,035 10,310 11,669 12,868 13,945 14,880 15,606 16,772 105,085 1,519
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Table 3. The flow rate of vapor output from the evaporator [kg/h]
n™ effect, n
Number of ¥
effects, N v, V, Vs V, Vs Ve Vs Vs ,Z:l Vo
1 173,192 - - - - - - - 173,192
2 79,480 93,712 - - - - - - 173,192
3 45,759 60,616 66,817 - - - - - 173,192
4 31,547 43,150 46,911 51,583 - - - - 173,192
5 23,164 32,922 36,104 38,526 42,477 - - - 173,192
6 17,622 26,146 28,919 31,185 32,895 36,424 § . 173,192
7 13,661 21,345 23,799 25,361 27,562 28,850 32,113 - 173,192
8 11,082 17,698 19,874 21,786 23,417 24,745 25,756 28,835 173,192
Table 4. The concentration of black liquor output from the evaporator [Dry solid wt%)]
Number of n™ effect, n
effects, N in 1 2 3 4 5 6 7 8
1 17 79
2 17 26.57 79
3 17 2145 32.82 79
4 17 19.84 25.70 37.87 79
5 17 18.99 22.79 29.20 41.70 79
6 17 18.48 21.21 25.35 32.12 44.71 79
7 17 18.12 20.21 23.18 27.58 34.59 47.13 79
8 17 17.85 19.50 21.75 24.90 29.51 36.66 49.07 79
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Table 5. The CAPEX of multiple-effect-evaporator (MEE) according to the number of effects

% of Number of effects, N
FCI 1 2 3 4 5 6 7 8
Direct cost 80% $10,606,748 $ 8,193,236 $8,041,484 $8206,812 $8,527,287 $8,940,368 $9,323,388 $9,774,768
Equipment & Installation 20% $2,651,687 $2,048,309 $2,010,371 $2,051,703 $2,131,822 $2,235,092 $2,330,847 $ 2,443,692
Fixed capital Instrumentation & Control 20% $2,651,687 $2,048,309 $2,010,371 $2,051,703 $2,131,822 $2,235,092 $2,330,847 $2,443,692

investment Electrical equipment & Material 5%
(FCD) Piping 15%
Buildings, Land, Facilities 20%

$662922  $512,077 $502,593
$1,988,765 $1,536,232 $1,507,778 $ 1,538,777 $1,598,866 $1,676,319 § 1,748,135
$2,651,687 $2,048,309 $2,010,371

$512,926  $532,955 $558773 §$582,712 $610,923

$ 1,832,769
$2,051,703 $2,131,822 $2,235,092 $2,330,847 $2,443,692

Indirect cost 20%

$2,651,687 $2,048,309 $2,010,371

$2,051,703 $2,131,822 $2,235,092 $2,330,847 $2,443,692

Working capital (WCI) 20%
Start-up cost (SUC) 20%

$2,651,687 $2,048,309 $2,010,371
$2,651,687 $2,048,309 $2,010,371

$2,051,703 $2,131,822 $2,235,092 $2,330,847 $2,443,692
$2,051,703 $2,131,822 $2,235,092 $2,330,847 $2,443,692

Capital expenditures (CAPEX)

$18,561,807 $14,338,163 $14,072,594 $14,361,920 $14,922,753 $15,645,643 $16,315,928 $17,105,846

Equivalent annual cost (EAC)

$3,020,849 $2,333,470 $2,290,250 $2,337,336 $2,428,609 $2,546,256 $2,655,342 $2,783,898

Table 6. The OPEX of multiple-effect-evaporator (MEE) according to the number of effects

Number of effects, N

1 2 4 5 6 7 8
Utility cost LP steam $5.5/ton [18] $9,083,551 $4,642,231 $3,522,046 $2,967,625 $2,635,240 $2,413,533 $2,254,688 $2,133,406
Electricity APEA $ 35,647 $ 35,647 $35,710 $35,773 $ 50,093 $ 50,157 $ 50,220 $ 53,542
Fixed charge 5% of FCI  $ 662,922 $512,077 $ 502,593 $512,926 $ 532,955 $ 558,773 $582,712 $610,923
Maintenance and repairs 10% of FCI  $ 1,325,843 $1,024,154 $1,005,185 $1,025,851 $1,065911 $1,117,546 $1,165,423 $1,221,846
Operating supplies 2% of FCT  $265,169  $204,831  $201,037 $205,170 $213,182  $223,509 $233,085  $244,369
Plant overhead cost 7% of FCI ~ $928,090 $716,908  $703,630 $718,096 $746,138 $782,282  $815,796  $855,292
Total product cost (TPC) $12,301,222 $7,135,848 $5,970,200 $5,465,442 $5,243,520 $5,145,801 $5,101,925 $5,119,379

Table 7. TPC, EAC, and TAC of MVR-assisted evaporation process

Number of effects, N

1 2 3 4 5 6 7 8
TPC $12,301,222 $ 7,135,848 $ 5,970,200 $ 5,465,442 $ 5,243,520 $ 5,145,801 $5,101,925 $5,119,379
EAC  $3,020849  $2333470  $2290250  $2337,336  $2428,609  $2,546256  $2.655342  $2,783,898
TAC $ 15,322,070 $9.,469,318 $ 8,260,450 $ 7,802,778 $7,672,129 $ 7,692,057 $ 7,757,267 $ 7,903,277
Table 5-73} 2tH14,18]. A1 715 538l 55 &8 W7 I7F & UFAIA 229} §H& ASAIR F o] T T87]9] deow
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