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Exergy and sensibility analysis
of each individual effect in a kraft
multiple effect evaporator

JESSICA MOREIRA, BRUNO LACERDA DE OLIVEIRA CAMPOS, ESLY FERREIRA DA COSTA JUNIOR,
AND ANDREA OLIVEIRA SOUZA DA COSTA

ABSTRACT: The multiple effect evaporator (MEE) is an energy intensive step in the kraft pulping process. The
exergetic analysis can be useful for locating irreversibilities in the process and pointing out which equipment is less
efficient, and it could also be the object of optimization studies. In the present work, each evaporator of a real kraft
system has been individually described using mass balance and thermodynamics principles (the first and the second
laws). Real data from a kraft MEE were collected from a Brazilian plant and were used for the estimation of heat
transfer coefficients in a nonlinear optimization problem, as well as for the validation of the model. An exergetic
analysis was made for each effect individually, which resulted in effects 1A and 1B being the least efficient, and
therefore having the greatest potential for improvement. A sensibility analysis was also performed, showing that
steam temperature and liquor input flow rate are sensible parameters.

Application: The exergetic analysis results show that it is possible for mill personnel to determine which evapo-
rators have the highest and lowest energy losses in the actual kraft pulp production process.

n a kraft pulp mill process, the cellulose pulp is obtained

from wood chips [1-3], and a black liquor is produced,
which is a byproduct rich in organic matter. The liquor
treatment is a step of great importance in the pulp mill.
During this recovery process, feedstock is recovered, steam
is produced, and environmental impacts are reduced. The
black liquor is concentrated in a multiple effect evaporator
(MEE) and is then sent to the recovery boiler, where it is
burned to produce steam and to produce the green liquor,
which follows to the causticizing section. The steam is also
used in the kraft process to generate power [4-6].

The kraft pulping process consumes a high amount of en-
ergy, especially due to the evaporation step in which there is
significant energy demand for the water vaporization [7-11].
By implementing programs that reduce the required amount
of energy, either by improving energy distribution or equip-
ment efficiency, it is possible to maintain a competitive posi-
tion in the market [12]. Therefore, it is interesting to research
promising methodologies and/or technologies capable of im-
proving energetic efficiency.

Mill engineers have traditionally considered only energy anal-
ysis to establish the most efficient operating conditions and have
ignored the irreversibilities of the system. However, the exer-
getic analysis can provide another point of view about the ener-
getic efficiency of the industrial system. The exergetic analysis
complements the energetic analysis and has many uses, such as
to locate irreversibilities in the process; to estimate the mini-
mum required energy and feedstock; and to study the achievable
economy by implementing new technologies and/or processes

[13]. The exergetic analysis has been used for different MEE sys-
tems, such as for a triple-effect evaporator for concentrating
orange juice [14]; a quadruple-effect [15] and a double-effect
evaporator for the tomato paste industry [16]; a quintuple-ef-
fect evaporator in sugar industries [17]; and a complete milk
power factory (including the evaporators) [18].

Researchers have developed studies that specifically con-
sider exergy analysis in the pulp and paper industry. Gong
[19] made a global exergy analysis of each step of the kraft
process to produce cellulose. Cardoso et al. [20] developed
models using industrial data to point out a suitable time for
washing the evaporators, and to simulate the combustion in
the recovery boiler in order to search for improvements. Utlu
and Kincay [21] made a comprehensive energy and exergy
analysis of a plant in which recycled wastepaper is used for
papermaking. Mesfun and Toffolo [5] used process integra-
tion techniques from an energetic point of view to optimize
a plant that considered three different integration boundar-
ies: the MEE alone, the mill subprocess considered as a whole,
and the total site. Diel et al. [22] used surface response meth-
odology to optimize the MEE of the kraft process. Verma et
al. [23] used Generic Algorithm in order to minimize the
energy consumption in the MEE of the paper industry.

In some studies, the pulp and paper systems were de-
scribed by considering all evaporators as a single black box
[10,24]. When the evaporators were described individually,
changes in the system configuration were proposed, but the
influence of the values of the operational variables in process
efficiency was not evaluated [25, 5, 11].
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1. Multiple effect evaporator.

In the present work, each evaporator of a real kraft system
is described individually using mass balance and thermody-
namics principles (the first and the second laws). The global
heat transfer coefficients (UA), of the first effect are estimated
using a nonlinear optimization routine and industrial data.
The energetic and exergetic analysis of each evaporator of the
MEE are presented. In addition to the energetic and exergetic
analysis, a sensibility analysis of the system was made. Then,
changes in the values of the operational variables were con-
sidered, in order to reproduce possible real conditions of the
MEE, and the influence of these new operational conditions
in the exergetic analysis was analyzed.

METHODOLOGY
System description

The considered system was the multiple effect evaporator (MEE)
of a real kraft process in Minas Gerais, Brazil. In this plant, ap-
proximately 1.2 million metric tons of white cellulose are pro-
duced annually from short eucalyptus fiber. The system consists
of nine evaporators distributed in six falling film effects, one
surface condenser, and two pre-evaporators. Figure 1 shows
a simplified scheme of the MEE considered in the present
work. The numbered collect points shown in Fig. 1 are detailed
in Table I. The liquor in evaporators 1A, 1B, 1ICand 1D hasa
concentration higher than 45%, which causes significant soil-
ing in the equipment and creates the need for cleaning cycles.
Therefore, evaporators 1A, 1B, 1C, and 1D work in alternate
cycles, in which three of them work normally while the other
is cleaned. Considering an operating cycle of 26 h, evaporator
1D is washed once and evaporators 1A, 1B, and 1C are washed
twice. The 1D evaporator wash time is 2 h. Evaporators 1A, 1B,
and 1C are washed for a period of 4 h. This work considers the
operation while evaporator 1C is being cleaned.
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Weak black liquor from the digester with approximately 16
%m/m solid concentration is pumped into storage tank 1. The
liquor passes through two pre-evaporators (MVR; mechanic
vapor recompression) connected in series and follows to stor-
age tank 2 with about 19% solids concentration. It is then fed
into the sixth effect, and passes through effects 5, 4, 3, 2, 1B,
1A, and finally 1D, having its solid concentration increase in
each effect by water evaporation and achieving approximately
71 %m/m solids concentration. After effect 1D, the strong black
liquor leaves the MEE and follows to the strong liquor tanks.

Low-pressure steam from the boiler feeds evaporators 1A,
1B, and 1D, where heat is transferred to the liquor and con-
densed water leaves each evaporator. Vapor from the black li-
quor in effects 1A and 1B are fed into effect 1D along with the
liquor to increase turbulence, improving the heat exchange.
Vapor from effect 1D is fed into effect 2 to transfer heat to the
liquor. From effect 2 onward, the vapor from each effect is fed
into the next one, in order to heat the liquor and evaporate
water, and condensed water is collected from each effect. The
condensates are classified according to the presence or ab-
sence of contaminants: the condensate extracted from effect
1is called primary condensate; the condensate extracted from
effects 2-6 is the secondary condensate; and the condensate
from the surface condenser, which originates from the vapor
of the sixth effect, is called tertiary condensate.

Operational data obtainment and treatment
The operational data used in this work correspond to mea-
surements evaluated every 5 min from July 15 at 0:00 to July
19 at 23:00, in 2017, totaling 61447 measurements. Several data
collected during that time describe the dynamic behavior of
the system, and they were removed. During the analyzed pe-
riod, evaporator 1C was cleaned several times and the data
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Meaning Ct;l!;::?n Average g;?’?:t?;: Maximum Minimum

Total steam temperature K 13 427.7 0.6 429.7 425.4

1 Total steam pressure kPa 13 392 10 412 373
Total steam mass flow kg-s 13 21.9 0.6 24.2 20.6
Black liquor input concentration % m/m 11 64.9 2.1 70.2 54.6
Black liquor input density kg-m-3 11 1300 30 1400 1200
Black liquor input volume flow ms3-s-1 11 0.0383 0.0038 0.048 0.029

D (Bf::g:'(l '\i/‘;:;’él;’“tp“t concentration % m/m 12 71.0 1.4 73.7 57.8
Eéiizl';q“m output vol. flow (flash mest | 12 0.033 0.004 0.040 0.020
(Bf::glr(l I\i/(g:so;;)utput temperature K 12 380.7** | unavailable unavailable | unavailable
Steam mass flow kg-s 14 4.86 0.75 5.97 1.92
Black liquor output temperature K 10 413.7 1.0 415.6 411.0

1A Vapor temperature K 16 412.6 0.8 413.8 408.9
Vapor pressure / operating pressure kPa 16 160 9 170 130
Black liquor output temperature K 9 411.5 1.0 413.9 406.5

1B Vapor temperature K 18 412.6 0.8 413.8 408.9
Vapor pressure / operating pressure kPa 18 160 13 180 140
Black liquor output mass flow ms3-s-! 7 0.054 0.002 0.060 0.043
Black liquor output concentration % m/m 7 42.0%* unavailable unavailable | unavailable

2 Black liquor output temperature K 7 391.3 0.5 393.8 388.9
Vapor temperature K 21 390.7 0.8 393.0 389.2
Vapor pressure / operating pressure kPa 21 100.4 2.4 107.6 91.7
Black liquor output temperature K 6 369.2 0.2 369.4 366.6

3 Vapor temperature K 22 368.3 0.1 368.4 368.2
Vapor pressure / operating pressure kPa 22 79.2 3.1 84.8 72.0
Black liquor input temperature K 5 351.4 0.1 351.5 351.3

4 Vapor temperature K 23 354.5 0.4 354.8 353.2
Vapor pressure / operating pressure kPa 23 51.0 0.8 53.0 49.0
Black liquor input temperature K 4 338.3 0.5 340.0 337.9

5 Vapor temperature K 24 342.5 0.1 344.0 342.5
Vapor pressure / operating pressure kPa 24 36.3 0.6 38.6 35.1
Black liquor input density kg-m-3 1 1056** unavailable unavailable | unavailable
Black liquor input concentration % m/m 1 15.6%* unavailable unavailable | unavailable
Black liquor input temperature K 2 343.2 0.5 344.6 342.5

6 Black liquor input mass flow m3.s-1 1 0.155%** unavailable unavailable | unavailable
Vapor temperature K 25 329.0 0.5 330.3 328.7
Vapor pressure / operating pressure kPa 25 31.4 0.6 33.2 30.4
Black liquor output mass flow ms3-s-! 3 0.124** | unavailable unavailable | unavailable

*Shown in Fig. 1.
** Values reported by factory operators.

1. Operational data for the multiple effect evaporator shown in Fig. 1.
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Reference Equation
Chase & Nist-Janaf Cpy(T) = —203.606 + 1.52329 - T — 3.196413 - 1073 - T? "
[26] +2.474455 - 1076 - T® + 3.855326 - 106 - T2
Smith et al. _ _1 _3 4 2
[27] Cpy(T)=R-My"'-(3.470 +1.45-107°-T + 1.21-10*-T%) (2)
Frederick Cp(T,x) = (1 —x) - Cpy + x - (463.02 + 4.47 - T) 3)
(28] +(12851.35 — 29 T) - (1 —x)  x32
Hyland and p"(T) = exp[-5.880-103-T * + 1.391 —4.864-107%-T
Wexler (4)
[29] +4.176-107° - T? — 1.445 - 107% - T3 + 6.546 - In(T) |
Costa et al. BPE(x) = 1.517¢2708% (5)
[30]
- T,(Ty,x) =T, + BPE (6)
Avelar et al. p.(pw, T, x) = 0.387528
1 3,604995 (7)
[31] + pw - {0.872307 + [x - (0.216726 — 0.00246 - T)]}*
Smith | 373.15K
m'?ﬂ?‘t ak A(T) = R-Mg'- [40660 + f (Cpw — Cpy) dT (8)
T
T
: b () = [ cpy ar )
TR
T
: hy (1) = [ Cpyy dr +2(7) (10)
TR
T
- h, (T, x) zf Cp, dT (11)
TR
T
- sw(T) = | (Cpw/T)dT (12)
Tr
- sy(T) = —0.0113-T + 11.5908 (13)
T
: s = [ Cpu/myar (14)
Tr
- ex=h—hy—Ty-(5—50) (15)
II. Property and auxiliary equations of the mathematical model.
that describe this operational condition were also removed.  considerations were made:
These two situations promoted an important reduction of the » The system is in steady-state.
number of measurements. Also, some outliers were excluded * Each phase in the evaporators are in perfect mixture.
from the data sample in order to minimize possible measure- * Only water is evaporated from the black liquor, and both
ment errors that may have occurred. After the data treatment, liquor and vapor are in thermodynamic equilibrium.
47647 measurements were removed, and the remaining * Ambient heat loss is neglected.
13800 are characterized in Table L e The steam from the boiler, the vapor from the
evaporators, and the condensed water are saturated.
Modeling and simulation * Each vapor leaves its effect at the operational pressure
The system considered in the mathematical modeling in- of its evaporator.
cludes eight evaporators: 1D, 1A, 1B, 2, 3, 4, 5, and 6, which ¢ The reference temperature (TR) is 273.15 K.
will be treated as evaporators 1-8, respectively. The following * The surrounding temperature (T0) is 298.15 K.
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Input Variable

Py 160 kPa p; 36 kPa

P, 160 kPa Ps 31 kPa

Ps 160 kPa Ts 427.65 K
Pa 100 kPa T 343.15 K
Ps 79 kPa m,, 49.09 kg-s
Ps 51 kPa Xy 0.6487 kg-kg-

M. Input variables of the mathematical model.

The thermodynamic property equations and the auxiliary
equations used in this work are summarized in Table IL.

The following process variables are considered to be
known in order to solve the mathematical model: the opera-
tional pressure of each evaporator (p, o), the steam tempera-
ture (T), the temperature of the liquor entering evaporator 8
(T,»), and the liquor mass flow rate and concentration leaving
evaporator 2 (mL,, X,). The data of the liquor from evaporator
2 were chosen as input variables because there was more data
available, and it was more consistent and stable than the data
of the liquor entering evaporator 8. Table III shows the val-
ues considered for each input variable in the mathematical
model.

The temperature of the vapor leaving each evaporator is
calculated by solving Eq. 4 for each given pressure, and the
liquor temperatures depend on the boiling point elevation
(BPE) (Egs. 5-6). The calculated vapor temperatures are close
to the experimental temperatures reported by industry op-
erators.

The mass and energy balances used in this work exist in a
steady-state process. The mass balance for the liquor/vapor
phase is made for each evaporator, as shown in Eqs. 16-17:

(16)

mpy + Myy = My + Myz + My3

fori=2-8: Mgy + My = Mygeny (17)

where m, is the liquor mass flow rate, m,, is the vapor mass
flow rate, and the numbers 1-8 correspond to the flows leav-
ing the respective evaporators. Number 9 corresponds to the
liquor entering the process through evaporator 8. The balance
of solids for each evaporator is shown in Eq. 18:

fori=1-8: Mgy X = MyGe1) * X(i+1) (18)
where x is the concentration of solids in the liquor. The glob-
al energy balance for each evaporator is shown in Egs. 19-22.

My Ay + My hyy =

. X . ) (19)
Mg by + Myg - hyy + Mys - hys + 1igy - A(Ts
fori=2-3: my) hL(i) + My - h-V(i) = (20)
mL(i+1) ) h-L(i+1) + ms(i) . A(Ts)
My hpg + Myy - hyy = Mys - hys + 1y - A(Tyq) (21)
fori=5-8:
My by + vy vy = (22)

Mgy - Rugeny + M-y - A Tvg-1)]

where b, is the liquor enthalpy, b, is the vapor enthalpy, m;
is the steam mass flow rate entering evaporator i, A(7) is the
water latent heat of vaporization at temperature 7, and T is
the steam temperature.

To calculate the steam flows to evaporators 1, 2, and 3, heat
transfer equations are added to the model (Eq. 23) [22]:
fori=1-3: WA~ (Ts = Tuyp) = rivsqpy - A(Ts) (23)
where (UA)i is the product of the global heat transfer coeffi-
cient and the heat transfer superficial area of the evaporator i.

The mathematical model consists in 27 main algebraic
equations (Eq. 16-23) and 27 variables, which are: 1, m,,
W:‘w ";{Ls’ n'1§6, "'1L‘7’ nga n:lL9" Xpp X0 Xgo X5, X5y Xy Xigy Xy my,,
Mgy My, My, Mys, Myg, My, Mg, Mgy, Mgy, and m;. The
model can be solved numerically, but it required the estima-
tion of the heat transfer coefficients multiplied by the heat
transfer superficial areas (UA ;).

Nonlinear optimization problem

The estimation of the parameters (UA),, (UA),, and (UA), de-
pends on many factors, such as flow conditions and equip-
ment geometry, making them specific for each system. To
estimate the heat transfer coefficients, a nonlinear optimiza-
tion problem was developed and solved. The objective func-
tion (f,,;,,) of this problem is the minimization of square errors
of the model predictions in relation to experimental data, as
shown in Eq. 24:
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2 sum 7 glsqt:m)z + (m;:p - mg_rizd)z +
(3 = )+ (g — g’ + (ss? — )’ +
(AP — )+ (527 = o) 4 Ehy 527 = 1)

fmin(UAb UAz‘ UA3) = (m;XP
(24)

where exp indicates experimental data, mod indicates values
predicted by the model, and n'zs’sum is the sum of the three
steam mass flow rates. Typical literature values were chosen
as initial guesses for the optimization. The optimization prob-
lem was solved using commercial software Matlab (Math-
Works; Natick, MA, USA).

Energetic and exergetic analysis
To analyze the MEE energetically and exergetically, several
indicative parameters were calculated. The energetic efficien-
cy (1, is calculated in Egs. 25-26:

Nen1 = (M- Dy /[ Vg + (M- V) yp + (M- Vys] (25)

fori=2-8" mgp; = (- Dyi/(-Vsior vy (26)

The energetic losses (EnL) show the energy fraction that
is wasted in byproducts. It is calculated in Eq. 27:
fori=1-8: EnL = g - he 27
The exergetic efficiency (), is calculated for each effect
in Eq. 28:
fori=1-8:" Mgy = Em- eX)i,out/(Zm : ex)i,in (28)
The exergetic losses show the exergy fraction that is wast-
ed in byproducts. It is calculated in Eq. 29:
fori=1-8: ExL = mg; - exg; (29)
The irreversibilities (I) cause exergy destruction and are
calculated in Eq. 30:
li=(Em ex),,, = (Em ex), . (30)
The gain output ratio (GOR) is also a measurement of the
efficiency of an MEE. It is calculated by dividing the energy
needed to evaporate the water in a single effect without en-
ergy recycle with the actual energy used in the process, as
shown in Eq. 31:

GOR = {(mV,l +30, mV,i) :

[hV(TV,avg) - hW(TLg)]}/[ms,sum ' /1(715)] €19}

where T, is the average temperature of the vapors leaving
the evaporator, and by(T},,,.) is the enthalpy of the vapor at

Javg
this average temperature.
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Another efficiency measurement is the steam economy
(SE), reported by Verma et al. [23]. This measurement repre-
sents how much kg vapor is generated per kg of steam, and is
calculated as follows:

SE = (1 + Zioa i) /s sum (32)

Sensibility analysis
Using the estimated values for (UA),, (UA),, and (UA);, the
mathematical model was solved many times modifying key
input variables in order to observe and analyze their effect on:
exergetic efficiency (),), the concentration of strong black
liquor leaving evaporator 1 (x,), and the irreversibilities (7).
In the sensibility analysis calculations, the reference case was
considered the one with the input variables described in Table
II, except for the m,, and the x,, which were substituted for
the calculated values of 7,4 and x,, as the latter ones describe
properties of the liquor entering the MEE. The variation range
of each input variable was chosen considering physical con-
straints of the real process, which were:
 Concentration of black liquor entering evaporator 8
(xy): from -10% to 10%.
* Mass flow rate of black liquor entering evaporator
8 (1m,,): from -10% to 10%.
* Steam temperature (7): from -4.0% to 4.0%.

RESULTS AND DISCUSSION

Parameter estimation and process simulation
The optimization problem was solved and the estimated val-
ues of (UA),, (UA),, and (UA), were 3.32:105, 6.77-10%, and
6.52-105 W-K, respectively. For these estimated parameters
and the input parameters of Table III, the mathematical model
was solved and the results are shown in Table IV. The gener-
ated vapor total mass flow rate was 113.76 kg-s, and the con-
densate total mass flow rate was 123.61 kg-s!.

Figure 2 shows the experimental and predicted values
for most of the liquor solid concentrations, liquor mass flow
rates, and steam mass flow rates. The average relative error of
the obtained values was only 5.2%, showing good agreement
between the real industrial data and the model predictions.

Energetic and exergetic analysis
Table V shows the energetic (1), and exergetic efficiency
(g, the energetic (EnL) and exergetic losses (ExL), and the
irreversibilities (Z) for each effect, which were calculated in
Eqs. 25-29.

In general, the energetic analysis in literature is only made
for the global system, as Gong [19] reported an energetic ef-
ficiency of 68%, for example. In this work, a calculation for
each effect was made to observe which are the best and least
efficient. The energetic efficiency of the effects varies from
84% to 98% (Table V), in which effects 1A, 5, and 6 are the
most efficient (95.8%-98.4%) and effects 1D and 1B are the
least efficient (84.9%). The energetic losses, on the other
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SR kd-kg-" kJ-kjf1-K-1
Liquor 1 44.54 396.96 10.52 0.7150 160 360 1.085 39.3
Liquor 2 49.09 395.23 8.79 0.6487 160 369 1.117 39.6
Liquor 3 58.82 393.02 6.57 0.5414 160 382 1.159 40.1
Liquor 4 67.46 378.20 5.45 0.4721 100 345 1.068 30.2
Liquor 5 88.99 370.16 4.00 0.3579 79 336 1.050 26.1
Liquor 6 108.41 358.47 3.36 0.2938 51 304 0.968 19.3
Liquor 7 125.91 349.70 3.01 0.2529 36 278 0.898 14.6
Liquor 8 142.47 346.00 2.78 0.2235 31 269 0.873 12.9
Liquor 9 158.30 343.15 2.62 0.2012 - 262 0.852 11.6
Vapor 1 22.92 386.45 - - 160 2704 7.224 554.5
Vapor 2 9.73 386.45 - - 160 2704 7.224 554.5
Vapor 3 8.65 386.45 - - 160 2704 7.224 554.5
Vapor 4 21.53 372.76 - - 100 2678 7.379 482.5
Vapor 5 19.42 366.16 - - 79 2665 7.453 447.8
Vapor 6 17.49 355.11 - - 51 2644 7.578 389.7
Vapor 7 16.56 346.69 - - 36 2629 7.673 345.5
Vapor 8 15.83 343.23 - - 31 2622 7.712 327.3
Steam 1 4.79 427.65 - - 392 2782 6.758 772.0
Steam 2 10.30 427.65 - - 392 2782 6.758 772.0
Steam 3 10.60 427.65 - - 392 2782 6.758 772.0
Cond. 1 4.79 427.65 - - - 652 1.891 93.2
Cond. 2 10.30 427.65 - - - 652 1.891 93.2
Cond. 3 10.60 427.65 - - - 652 1.891 93.2
Cond. 4 22.92 386.45 - - - 476 1.457 46.1
Cond. 5 21.63 372.76 - - - 418 1.304 33.7
Cond. 6 19.42 366.16 - - - 390 1.229 28.3
Cond. 7 17.49 355.11 - - - 344 1.100 20.3
Cond. 8 16.56 346.69 - - - 308 0.999 14.9
V. Properties of process streams.
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2. (A) Experimental and predicted values for liquor solid concentrations, and (B) liqguor mass flow rates and steam mass flow rates.
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1D 0.849 0.942 3123.08 446.42 921.53
1A 0.984 0.805 6715.60 959.41 2010.93
1B 0.849 0.796 6911.20 987.98 2081.69
2 0.951 0.897 10909.92 1056.73 1555.83
3 0.908 0.941 8999.54 724.98 732.47
4 0.913 0.898 7573.80 549.68 1075.65
5 0.958 0.915 6016.56 354.30 735.25
6 0.963 0.961 5100.48 247.46 291.65

V. Energetic and exergetic parameters of each evaporator effect.

hand, show the highest loss for effects 2, 3, and 4 (7573-10909
kW), which have the greatest condensate mass flow rates, and
the lowest loss for effect 1D (3123 kW), which has a low con-
densate mass flow rate.

The exergetic efficiency of the evaporator effects varies
from 79% to 94% (Table V), in which effects 1D, 3, and 6 are
the most efficient (94.1-96.3%) and have the least irrevers-
ibilities, and effects 1A and 1B are the least efficient (79.6%-
80.5%) and have the highest irreversibilities. Macedo et al. [32]
have also calculated the exergetic efficiency for each effect,
but because a different equation was used, the results are not
comparable. In their analysis, effect 8 was also the most exer-
getically efficient of all, showing agreement between the stud-
ies. The exergetic losses have a different tendency compared
with the energetic losses. Effects 1A, 1B, and 2 have the high-
est ExL (959-1056 kW), because although effects 1A and 1B
have low condensate mass flow rates, their specific exergy is
higher than the condensates with lower temperature, com-
pensating this difference in the overall analysis. Effect 8 has
the lowest exergy losses (247 kW), as the condensate has the
lowest temperature of all, meaning that its useful energy is
low.

In the overall analysis, effects 1A and 1B are good candi-
dates for optimization, as their exergetic efficiency is the low-
est, meaning that they have more irreversibilities to be re-
duced in order to improve the overall process.

The GOR of the process is 5.00, which means that the en-
ergy necessary to concentrate the black liquor would be five
times higher if there was no multiple effect system or energy
recycle.

The SE of the process is 4.43, which means that 4.43 kg of
water evaporates for each kg of steam demanded from the
boiler. In the simulated model of Verma et al. (11), which con-
sisted of a 7-effect evaporation system with a hybrid of steam-
split, feed-split, and feed preheating process arrangements
with backward feed flow, the optimum SE calculated by their
model was 6.49, which is significantly higher than the one
from a real plant in the present work. However, taking into
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account that in a real plant there are also some extra efficien-
cy losses not considered in mathematical models, and that the
plant considered in this work does not have extra strategies
of feed splitting and feed preheating described by Verma et al.
[11], the SE of the studied real plant is actually a reasonable
value (although steam-split occurs between effects 1A, 1B,
and 1D).

Sensibility analysis
The sensibility analysis of the mathematical model can be used
to confirm an expected behavior and to investigate behavior
that is not evident.

Figure 3 shows the simulated effect of varying liquor
input concentration (x,) on black liquor output concentration
(x), irreversibilities (), and exergetic efficiency (). In
Fig. 3A, itis observed thatan increase of 10% in x, causes only
a slight increase of 3% in x,. In Fig. 3B and Fig. 3C, it is ob-
served that no significant change occurs in the irreversibilities
or in the 1, when x, is varied. Therefore, small variations of
x, do not produce significant disturbances in the system.

Figure 4 shows the simulated effect of varying liquor
input mass flow rate (mlg) on black liquor output concentra-
tion (x)), irreversibilities (), and exergetic efficiency (). In
Fig. 4A, itis observed that m,, and x, have a significant linear
relation. When the liquor flow rate is increased, more water
has to be evaporated in order to achieve the same final con-
centration as in the previous situation, which explains the
significant decreasing behavior of x, when m,, is increased.
Figures 4B and 4C shows that the irreversibilities and n, are
not significantly affected by a change in n'zw, which may be
explained by the fact that the nonuniformity (in this case the
temperature difference between the steam and the liquor)
remains constant. Therefore, the liquor input mass flow rate
Wlw is a sensible parameter in the process that can be con-
trolled with relative ease.

Figure 5 shows the simulated effect of varying steam
temperature (7)) on black liquor output concentration (x,)
(Fig. 5A), irreversibilities () (Fig. 3B), and exergetic efficiency
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3. Effect of black liquor input concentration (x,) on: (A) black
liguor output concentration (x,); (B) the irreversibilities of each
effect (1); and (C) exergetic efficiency of each effect v, ).

My (Fig. 5C). In Fig. 5A, it is observed a significant linear re-
lation exists between x; and T, so that a slight increase of 5°C
could cause an increase of 10% in liquor concentration, and a
decrease in T, would decrease x; in a similar magnitude.

It is observed in Fig. 5B that the irreversibilities are in-
creased with an increase in T. This effect is stronger in the
first effects (1A and 1B), in which steam transfers heat to the
liquor/vapor phase, and has little significance in the last ones.
The nonuniformity of a system is proportional to the entropy
generation by the power of two, and the irreversibilities are
proportional to the entropy generation. In the process of the

4. Effect of black liquor input mass flow rate (m,,) on: (A) black
liguor output concentration (x,); (B) the irreversibilities of each
effect (1); and (C) exergetic efficiency of each effect ().

present work, the nonuniformity is caused by a temperature
difference between the steam and the liquor, and it is en-
hanced when the steam temperature is increased. When T is
increased, the nonuniformity, and, consequently, the irrevers-
ibilities are increased.

In Fig. 5C, it is observed that an increase in T causes a de-
crease in the exergetic efficiency of effects 1A and 1B, while
no significant variation is observed in the other effects. This
is in agreement with the irreversibilities results, as both
of them depend on the exergy input and output (Eq. 28 and
Eq. 30).
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Therefore, an increase in T leads to higher x;, to higher
irreversibilities, and to lower 1, in effects 1A and 1B. This
increase in T could possibly increase the soiling rate as well,
due to a higher liquor concentration in the first effect. Thus,
steam temperature is a sensitive parameter and should be con-
trolled with caution.

CONCLUSION
The methodology used in this study enabled detailed ener-
getic and exergetic analysis of a real multiple effect evaporator
(MEE) system. Each kraft evaporator was individually consid-
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ered. For the mathematical description of the system, the heat
transfer coefficients of the first effect were estimated using a
nonlinear optimization problem and real industrial data. In
similar studies, these parameters were typically obtained in
the literature. However, the procedure used here can improve
the obtained results, since these coefficients can be very spe-
cific for each system.

The developed mathematical model and the estimated pa-
rameters showed significant agreement with industrial data,
as the average prediction error was only 5.2%.

The obtained results show that it is possible to determine
which evaporators have the highest and lowest energy losses
in the actual kraft pulp production process. Such information
may assist mill personnel in the individual analysis of the op-
eration of each piece of equipment, which is not always done
in specialized literature.

The energetic analysis showed that effects 1D and 1B are
the least efficient (84.9%) and effect 1A is the most efficient
(98.4%). However, the more complete exergetic analysis
showed that effects 1A and 1B are the least efficient (79.6%
and 80.5%, respectively) and effect 6 is the most efficient
(96.1%). The evaporators 1A and 1B have more potential for
improvement, and should be the focus of optimization studies
and proposals, in order to have a more efficient mill.

The sensibility analysis showed that steam temperature and
the black liquor input mass flow rate are sensible input param-
eters to the system’s efficiency and liquor output concentra-
tion. Therefore, they should be controlled with caution, in
order to avoid oscillations, as deviations as small as 5°C could
cause disturbances of about 10% in the liquor output concen-
trations and in the exergetic efficiency of effects 1A and 1B.

All results generated during this study were obtained con-
sidering time and operational condition specifics (wWhen evap-
orator 1C is being cleaned, for example). To obtain a more
detailed analysis, it is necessary to repeat the tests for each
different cleaning cycle. The obtained results show that the
proposed methodology can be expanded.

Finally, the authors affirm that is possible to adapt the pre-
sented model to propose an automatic mathematical routine
that can be used to optimize the operational conditions of the
process. All the information necessary to reproduce the ob-
tained results are present in this article. Thus, mills engineers

can adapt the presented equations to a different plant and pro-
pose a new tool to help the scheduled routine of the mill. TJ
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