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To save energy in a distillation column, engineers have discussed the application of side-boilers
and side-coolers and heat pumpsto a distillation column. But no quantitative method which
represents the relationship between temperature level and the minimumexchanging heat load of
heat source and/or coolant at any plate has been developed. It is very difficult to design a distil-
lation column with such equipment.
This paper represents the energy-saving effects of a side-boiler and a side-cooler on a distillation

column on the basis of exergy concepts, and then proposes a quantitative method to determine the
feasible domains for the use of a side-boiler and a side-cooler, and to clarify the important rela-
tionship mentioned above. This method can be used to design a distillation column with a heat
pump and a multi-effective distillation system.

Intro duction
Distillation is a unit operation which requires a

large amount of energy. To decrease the energy
consumption, engineers have tried to apply side-

boilers, side-coolers6'8'11'12) and heat pumps3'7'10) to the
distillation column. It might be effective for energy-
saving to separate a binary mixture by using a heat-
integrated multi-column system instead of a single
column system2'12)U). Recently, a few distillation

systems with such equipment for energy-saving have
been realized.
There are different approaches to energy-saving in a

distillation system, such as the following: 1) de-
crease of the summation of heating and/or cooling
loads, 2) improvement of the temperature level of

available heat sources or coolants, and 3) a combina-
tion of both 1) and 2).

This article describes an energy-saving design
method for a distillation system which can effectively
utilize several kinds of heat source and coolants
around a distillation system. Firstly, a theoretical
and quantitative consideration of energy-saving by
side-boilers and side-coolers is discussed. Secondly,
how the feasible domains for the use of side-boilers

and side-coolers change according to the variations of
feed conditions, specificcations of products, and

vapor-liquid equilibrium is studied.

1. Energy Saving by Using a Side-boiler and a Side-
cooler

This section will consider the advantages of adding
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side-boilers and side-coolers to a distillation system.

The exergy concept based on the first and second laws
of thermodynamics is a very powerful means of dealing
with both the amount and the quality of heat energy.
Massand heat balances are given over the conven-
tional column model shown in Fig. 1. It is assumed
that the temperature of the tops or the bottoms is
equal to the boiling point of each mixture.
(Mass balance)

F=D+ W (1)
qFxF+ (l -q)FYF=Dxd+ Wxw (2)

(Heat balance)
Qr+qFcF(TF- To)+(l -q)F[cF(TF- To)+XF]

= Qc+Dcd(Tc- To)+ Wcw(Tr- To) (3)
where cF and cF mean the specific heat of liquid

mixtures with compositions xF and yF respectively.

Fig. 1 Conventional distillation column model
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    Fig. 2 (l-TolT)-Q diagram of a conventional
      distillation column

 The temperature of the surroundings is expressed by
 by To. These equations lead to

         Qr+QF=Qo+QF      (4)

 where

  QF=D[{qcF+(l -q)cF}(TF- To)-cd(Tc- To)]

    +(l -q)FXF            (5)

  Q-= W[Cw(Tr- To)-{qcF+(l -q)cF}(TF-To)] (6)

 Assuming cF=cF, Eqs. (5) and (6) can be written as

   Qi=D[cF(TF-To)-UTe- To)]+(l -q)FXF (7)

   QF= W[cw(Tr- To)-cF(TF- To)]     (8)

 The (1-To/T)-Q diagram for Eq. (4) under the con-
 dition ofcF=cw=cd is shown in Fig. 2. The supplied
 heat energies are Qr and QF and the removed heat

 energies are Qe and QF, in Eq. (4). Defining g* and
 Go*as

         Q$=Qr-QF        (9)

         q:=qc-q+f       (io)
 the following relation is obtained:

         Q?=Qt=Q*       (ll)

 Then, consider the exergy loss of a distillation column
 in the surroundings with the temperature, To, and the
 pressure, x, and of the pure nominal state for each
 component8>9'13).

  The exergies of a feed, eF, the tops, ed, and the bot-
 toms, ew are represented as follows :

 eF=F[cF{TF- To- To \n TF/To}+(l -q)(l -To/TF)XF

   +RTo{xF In xF+(l-xF) In (l-xF)}]   (12)

 ed=D[cd{Tc-To - To In Tc/To}

   +RTo{xd In xd+(l-xd) In (l-xd)}]    (13)

 ew= W[cw{Tr-To-To In Tr/To}

   +RTc{xw In ;^+(l-O In (l-xw)}]   (14)

 The values of eF, ed and ew can be evaluated from the
 conditions of feed and products alone. The exergies
 of the supplied heat energy and the removed heat

 energy, er and ec, are given as:
        er=(l - To/Tr)Qr      (15)

  124

ee=(l -To/Tc)Qc (16)

The exergy loss is calculated using Eqs. (12) to (16):
deconY=(er-ec)+(eF-ed-ew) (17)

= To[(l/Tc- l/Tr)Q*+(Qt/Tc-QF/Tr)

-(l -q)FXF/TF]+comt. (18)

const. =RTo[F{xF In xF+(l-xF) In (l-xF)}
-D{xd In xd+(l-xd) In (1-xd)}

- W{xw In xw+(l-xw) In (l-xw)}]
-To[FcF In 7Vr0-Dcd In Tc/ro

- ^cw In TJTO] (19)

The term of (er-ec) in Eq. (17) is called "the net work
consumption". Since (eF-ed-ew) can be evaluated
only from the design conditions for a column, the

exergy loss depends solely on the net work consump-
tion. Moreover, the term "const." can be evaluated
from the design conditions. Putting Je/conY=JeGOnY-
const., zfeconvis equal to the area around the heat
availability lines in the (1-To/T)-Q diagram12)
Fig.2.

Nowlet us consider the exergy loss for a distillation
column with a side-boiler. Denoting the tempera-
ture at a heat exchange plate by T5 and the heat
energy supplied to a side-boiler by AQr{j), the exergies
of the supplied and removed heat energies are given
as:

er={\ - To\Tr)Q'r (20)

ej=(l - ToIT3)AQr{j) (21)

ec=(l - To/Tc)Qi (22)

Where Qrr means the heat energy transfered to a re-
boiler and Q'c means the heat energy transfered from a
condenser. The heat balance is given by:

fiM-40r(y)+ej=e;+e? (23)

and the exergy loss can be written as
4eside= To[(l/Tc- l/Tr)Q'*+(Qi/Tc-- QFlTr)

-(l -q)FXF/TF+(l/Tr- l/Tj)/IQrU)]

+ const. (24)
where

e'*=e£-GJ=e;+43rci,-fi? &)
Consequently, the difference between JeCOIiYand

^side becomes :
^conv-^Blde= ro[(i/rfl- i/rr)(G*- G/*)

-{\ITr- \IT3)AQr{j)} (26)

As the condition of G*=6'* is ordinarily satisfied,
it becomes :

JeconY>Jeside (27)

Figure 3 shows Aefside(=Jeside-const.).
Similaly, it can be easily determined that the exergy
loss of a distillation column with a sidecooler is smaller
than that of a conventional column.
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 In general, the exergy loss of a distillation column
with m side-boilers and n side-coolers is represented
 as follows :

  Ae= To[(l/Tc- l/Tr)Q'*+(QF/Tc- QF/Tr)

    -(l -q)FXF/TF+ ZT(l/Tr- l/Tj)JQrU)

    - I]Kl/Tc- l/Tk)JQcik)]+const    (28)
  G'*=ei+SMe-(*)-GJ

   ^Q'
r+ZTJQrUl-QF         (29)

2. The Relationship between Temperature and Ex-

changing Energy at the Plate with a Side-boiler or a
 Side-cooler

 Supplying the very large heat energy, AQrij), at the
T3 temperature plate so that reboiler heat requirement,
Qr, becomes zero, is apparently impossible. In

other words, there may be some relationship between
Tj and the maximum value of AQr{j). The favorable
 conditions for the use of side-boilers and side-coolers
 are discussed in this section.
 A conventional column is designed by using the

information supplied by the minimum reflux, the mini-
mum number of plates and so on. Assume the
heat energies supplied to the reboiler and removed

 from the condenser under the minimum reflux con-
dition as Qá"in and Qá"in, respectively, and the com-
ponent fraction and the temperature under the 'pinch'
condition as xp and Tp respectively. The operating
line of the stripping section with the reboiler heat
requirement, Qr(<Qá"in) as shown in Fig. 4, is given
 as follows :

 J>y+i
  _ Qr+ W{c'j+1(Tj+i-To)-cw(Tr- To)+Xj+1}    Qr-W{c's+1(Tr-To)-c,{T,-To)} Xj
    W{c'i+1(Ti+1- To)-c,{Ts- To)+Xi+1}
    Qe-WMTr-TJ-cATj-To)} Xw

                       (30)

In general, AQr{j) supplied to the Ti temperature plate
must satisfy the following condition in order to sep-
arate a mixture into the specified products :
        JQr{j)^Qrn-Qr>0     (31)

where the equivalence is reached at minimum reflux.
The difference between energy losses of the two cases
to be supplied at the Tj plate and the T3-+ATplate on
the operating line is obtained by :

     AeM£Ts) - AeMJ(T5+ A T)

      = To{\l{T^AT)- \IT3)AQr{j)   (32)

The exergy loss decreases as the heat exchanging plate
temperature becomes lower (Fig. 5). On supplying the
heat energy, Qr(<Q?in), to the reboiler, the lowest
heat exchanging temperature, Tf, leading to the min-
imum exergy loss is equal to the temperature at the
crossing point between the vapor-liquid equilibrium

curve and the operating line given by Eq. (30). This
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Fig. 3 (1-TQIT)-Q diagram of a distillation
column with a side-boiler

Fig. 4 Stripping section model

Fig. 5 Exergy loss due to plate temperature
difference

Fig. 6 x-y diagram

point is called the pinch point in the case of a side-
boiler (Fig. 6). In this case the number of plates is
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Fig.7

infinite. Consequently, under a given condition of ar-
bitrary heat energy supplied to a reboiler or removed
from a condenser, the temperature and the exchanging
heat energy at the plate for minimumexergy loss can

be determined by the pinch condition mentioned
above.

If there is a pinch point at the k-th plate of the
enriching section, the heat energy removed from a

condenser, g^i1}, can be derived from the following
equations :

(Mass balance)
Vk+1=Lk+D (33)

Vk+1yk+i=LkXk +Dxd (34)

(Heat balance)
Vk+1[c'k+1(Tk+1- To)+Xk+1]

=Lkck(Tk-To)+Dcd(Tc-To)+Qc (35)

(Pinch condition)
Tk+1=Tk, yk+i=yk, h+i=h (36)

Therefo re
Q?ti=D{R#?+ l)Xk + Qtk) (37)

where
R?£? = {x*-y*)l(y* -xk) (38)

Qtk)=D{ck(Tk-To)-cd(Tc-To)} (39)

D(RYki)n+l)Xk means the heat energy of the vapor at
the k-th plate. Assuming the liquid and vapor mole

fractions at the pinch point corresponding to the
minimumreflux ratio are equal to xp and yp, the mini-
mumtotal removed heat energy becomes :

QTin = QTi iPn) (40)
and the total supplied heat energy is given as follows:

Qrn=Qrn-Qt+QF (4i)
On the other hand, if there is a pinch point at the
7-th plate of the stripping section, the heat energy
supplied to a reboiler, Qf$, is derived from the

following equations :

(Mass balance)
LU= VU- W (42)

L/j_1xj.l = V/jyj- Wxw (43)

(Heat balance)
126

fir+£}-lCi-l(JV-l - ro)
= V'.{c'j(Tj-To)+Xj}+ Wcw(Tr-To) (44)

Therefore
Q%$^ WR'%\*Xi, + QTS) (45)

where
^Ti!n = (^-^)/(yi-^) (46)

Qt» = Jnc,(r - ro)-c,{rr ro)] (47)
PP.R'$nyli means the heat energy of the vapor at the

/å th plate. Assuming the mole fractions of the pinch
point for the minimumreflux ratio are equal to xp and
yP9 the minimum total supplied heat energy is given as

Q?ln=Q%% (48)

and in this case the summationof the removedheat
energy can be calculated as follows:

Q?in=Q?ln-QF+Qt (49)

Changing x0- or xk in the regions xw<x^xf or
xf^xk<xd, the relationships between the boiling
point, Tj or Tk, and the heat duty at a reboiler or

a condenser, Qf$ or Q?$9 can be obtained. The
section in the curve of WRr$inXj vs. Tj where

WRffiAj increases with decreasing Tj is defined as
the limiting curve of heating, and the section where

WRffiHj decreases is defined as the limiting curve
of cooling. These lines are shown in Fig. 7 (a).

Similarly, for the curve of D(R$t?+\)h, the
section where å D(Rfit?+\jh increases with de-

creasing Tk is defined as the limiting curve of heating
and if D(Rfk\n+\)h decreases, the section is de-
fined as the limiting curve of cooling. These lines

are shown in Fig. 7 (b).
Then, consider the maximumexchanging heat en-
ergy at the Tj temperature plate for a distillation system

with a set of limiting curves of heating and cooling.
(See example No. 4 in the case except for the system
mentioned above.) Under the given value of the
total heat energy requirements, Q?in, AQr{j) supplied

to the Tj plate on the limiting curve of heating can be
easily obtained as follows: T denotes the limited

temperature of using a side boiler. (See Appendix)
i) in the stripping section:

ii) in the enriching section:
AQr{k)=Q*^-D(R?^+\)Xk(TF^Tk>T) (51)

AQr(j) and AQr{k) are shown in Fig. 7 (a) and (b).
Analogously, if the total removed heat energy, Qfin,
is fixed, the maximumheat energy removed from the

Tj temperature plate on the limiting curve of cooling
can be derived as follows: T denotes the limited
temperature of using a side cooler. (See Appendix.)

i) in the stripping section:
AQcu^Q^- WR'ui^j (T> Tj^ TF) (52)
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Table 1 Design conditions of examples
Example 1 2 3 4

Benzene-Toluene Ethanol-Acetic

Feed rate F[kg-mol/hr] 50.0 50.0 50.0 50.0
Frac. xF [mol%] 60.0 60.0 18.2 40.
rvalue 1.0 0.0 1.0 1.0

Distillate xd [mol %] 95. 95. 99. 99.0

Bottoms ^ [mol%] 5.0 5.0 1.0 1.0

Heat capacity (liquid) Reference 1 3)
Latent heat Reference 1 3)
V-L equi. Reference 14)

ii) in the enriching section:

JQc(j) and AQc{k) are shown in Fig. 7 (a) and (b).
(Example No. 1) Benzene-toluene distillation column

The feed conditions and the specifications of the
products are given on Table 1. In this example the
pinch point for the minimumreflux ratio is at the feed
plate. The calculated values from Eqs. (4), (37) and
(45) are shown in Fig. 8. (As the exergy loss will be

not directly discussed below, (l-To/T)-Q diagram
is substituted for T-Q diagram.) The location of

Q+ is different from that in Fig. 2 in order to present
the maximum exchanging heat energies, AQr{j) and
dQc(k), at the T3 and Tk temperature plates. The

ab curve is the limiting curve of heating. The shadow
area bounded by ab, Qf'xn and Q? indicates the feasible

domain to add side-boilers. On the other hand, the

curve of be is the limiting curve of cooling and it is
possible to equip side-coolers in the shadow area

bounded by ab, Qfá" and Q%.
(Example No. 2) Benzene-toluene distillation column

The design conditions of this example, except for
q=0, are the same values as in example No. 1. The
curves of abd and be shown in Fig. 9 agree with the
curves ofab and be for example No. 1.

(Example No. 3) Ethanol-acetic acid distillation
column

The pinch point for the minimumreflux ratio is in
the stripping section. The curves of ab and bed

shown in Fig. 10 are the limiting curves of heating and
cooling respectively. It is possible to add side-coolers
not only in the enriching section but also in the part of
the stripping section in order to recover high-tempera-

ture waste heat energies.
(Example No. 4) Ethanol-acetic acid distillation
column

The limiting curves under the given design conditions
are shown as ab, cd for heating and be, dffor cooling
in Fig. ll. There is a switching point between cooling
and heating operations in the stripping section. Since
WR'minApunder the minimumreflux ratio is larger
than g*, the maximumremoved heat energy in the
VOL. 13 NO. 2 1980

Fig. 10 T-Q diagram of Example No. 3

stripping section is evaluated using Eq. (52). Each

of the points a, b, c and d are located in the McCabe-
Thiele diagram of Fig. 12. If heat energy more than
dQcik) is removed from the plate on the be curve, it
is necessary to supply heat energy in the cd section.
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Fig. 9 T-Q diagram of Example No. 2

Fig. 8 T-Q diagram of Example No. 1



Fig. ll T-Q diagram of Example No. 4

Fig. 12 x-y diagram of Example No. 4

Fig. 13 T-Q diagram of a distillation column

with reflex ratio, 0Rmin

3. The Effective Arrangement of Side-Boilers and
Side-Coolers

In general, it is assumed that the reflux ratio, R,
is equal to 0Rm[n (0>1) for the short-cut design

method of a distillation column. If this assumption
is satisfied in the design of a column with side-boilers
and coolers, Eqs. (37) and (45) change to the following

equations :

Qc{k)=D($R^+l)h+Qtk) (54)

Qri^ We'R'TjTXs+Qw (55)
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where
O ' ^DORT/r +il -qW/ WR'?/? (56)

The total supplied and removed heat energies can be
derived as follows.

(i) If the pinch point for the minimum reflux
ratio is in the stripping section or at the feed plate,

Qr= W0'R'ml*X9+QtP) (57)
Qc=Qr-Qr+Qi (58)

(ii) If the pinch point for the minimum reflux
ratio is in the enriching section,

Qc=D(ORmin+ l)ip+Qtp) (59)
Qr^ Qc+ Q-F- Qt (60)

Set 0=1.2 for example No. 1, Qc{k) and Qrij) are

shown in Fig. 13.
When a utility with Tu temperature and Qu heat en-
ergy is near a distillation column, the feasible domains
of temperature and heat energy can be easily obtained
in order to use it. If the utility satisfies the following
condition, it is possible to add a side-boiler.

T^Tu-ATa^Tj (61)

where ATameans the minimumapproach temperature
difference. Then the useful heat energy, AQU> is
calculated as follows :

or if 4QrU)<Qu, dQu<,JQrij)

Conclusion

In this paper, whenthere are several utilities around
a distillation system, the method of using the energy
sources is considered. By calculating the limiting

curves of heating and cooling from the specifications of
feed and products, vapor-liquid equilibrium and the
pinch point conditions, it is easy to find the feasible
domains for side-boilers and side-coolers and the re-
lationship between the heat energy and the tempera-

ture of such a heat exchanger. Moreover, this meth-
od is a very powerful means of solving the design

problems of a heat pumpand the synthesis of a heat-
integrated distillation system. The application of
this method to these problems will be considered.

Appendix: The limiting temperature of using a side-boiler, T or a
side-cooler, T

At first, consider the limiting temperature of using a side-
boiler. Tp means the temperature of the pinch point with

minimumreflux, TC< TP< TF. At the pinch point temperature,
Tk, in Tp< Tk<TF, the heat energy removed from a condenser,
Qf{% is required using Eq. (33):

Q^ =D(R^+l)Xk+Qtk) (A-l)
and the minimum total removed heat energy is given by Eq. (36) :

Q?an) = Q*min + QF (A"2>
Under constant Qfin, if the region with Q^in-Qf{k)>° is in
Tp< Tk < Tf, operation using a side-boiler is feasible.
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(A-3)

=<2*min-WTk?+Dh+F(1 -q)h

+D{cF(TF- To) -ck(Tk - To)} (A-4)

The third and the fourth terms in the foregoing equation mean
heat sources except for side-boiler and a reboiler. Consequent-
ly, the heat energy supplied to a side-boiler at they-th plate is

^Grc*) = G*min -i>(^i)n + l)^ (A"5>

The temperature to satisfy JQr(j;) =0 is denned as "the limiting
temperature of using a side-boiler", T. Though there is a

limiting curve of cooling in Tp<Tk<Tf, it has to be neglected
under the constant heat duty. Similarly, the limiting tempera-
ture of using a side-cooler, T, has to be defined.

43ccf>=G*min- WR'%)nXj=O (A- 6)

Nomenclature

Cy c' = specific heat at constant pressure
[kcal/kg-mol - J r]

D = flow rate of the tops
e = exergy
Ae = exergyloss
Ae' - net work consumption
F = feed flow rate
L = internal reflux flow rate

[kg-mol/hr]

[kcal /hr]
[kcal / hr]
[kc al /hr]

[kg-mol /hr]
[kg-mol/hr]

m = number of side-boilers
n = number of side-coolers
Qc = heat energy removed from a condenser [kcal/hr]
Qr = heat energy supplied to a reboiler [kcal/hr]
<2c(fc) == heat energy removed from a condenser

with pinch point at the A>th plate [kcal/hr]
Qr(j) == heat energy supplied to a reboiler with

pinch point at the y-th plate [kcal/hr]
dQc(k) = neat energy removed from the k-th plate

[kcal / hr]
JQrCn = heat energy supplied to they-th plate [kcal/hr]
q+9 Q~ == defined by Eqs. (5) and (6) [kcal/hr]
Q+k)9 Q^ = defined by Eqs. (39) and (47) [kcal/hr]
Q*,Qc*,Qr* = defined by Eqs. (ll), (10) and (9) [kcal/hr]
q = ^-value
R = gas constant [kcal à"°C/kg-mol]

j^min^ ^'min= defined by Eqs. (38) and (46)
7; T* = temperature [°C] or [°K]
To = surroundings temperature [°C] or [°K]
T, T = limiting temperature of using a side-

cooler or side-boiler [°C] or [°K]

V

w

x

= minimum approach temperature difference [°C]
= vapor flow rate [kg-mol/hr]
= flow rate of the bottoms [kg-mol/hr]
= liquid mole fraction of the light component
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y = vapor mole fraction the light component

n = operating pressure [mmHg]
X = latent heat [kcal/ky-mol]
co = work supplied to a pump [kcal/hr]

< Superscript>
min = pinch point
<Subscripts>
c

d

F

f

P

condenser or side-cooler
the tops
feed

feed plate
plate number
the pinch point corresponding to minimum
reflux ratio

r = reboiler or side-boiler
u =utility
w = the bottoms
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