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A novel combination of internally heat-integrated distillation column (HIDiC) and vapor recompression column (VRC)
with intermediate reboiler (IR) is proposed. Supplying heat at the highest temperature point (i.e., column bottom) of the
VRC scheme is not thermodynamically favorable and, therefore, we aim to install the IR for better distribution of heat
along the column length, thereby reducing the compressor work. Introducing IR in the combined HIDiC-VRC system
formulates an open-loop variable manipulation policy to evaluate the comparative impact of internal and external heat
sources on bottom liquid reboiling. With internal energy driven bottom reboiler, we further investigate the hybrid HIDiC-
VRCIR column with proposing the two modes of compressor arrangement, namely parallel and series. Finally, a multi-
component distillation system is exampled to show the promising potential of the proposed HIDIC-VRCIR configurations
in improving the energetic and economic performance over the HIDiC-alone and HIDiC-VRC schemes with reference to a
conventional standalone column. © 2014 American Institute of Chemical Engineers AIChE J, 61: 118-131, 2015
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Introduction

The greenhouse effect is a natural phenomenon that leads
to keep the Earth’s surface warm. Like a greenhouse win-
dow, the greenhouse gases allow sunlight to enter and then
prevent heat from leaving the atmosphere.’ It is unfortunate
that rapidly growing energy demand has led to increase the
concentration of greenhouse gases (e.g., H;O vapor, CO,,
and CHy), amplifying the natural greenhouse effect. In addi-
tion to growing environmental concerns, the rising costs of
energy have stimulated intensive research in boosting the
energy efficiency of chemical processes.

Distillation that is used for about 95% of all fluid separa-
tion processes is a major energy consumer in the chemical
industries.” In fact, it is reported3 that 60% of energy used
by the chemical industries is for distillation alone and sur-
prisingly, this unit accounts for an estimated 10% of the US
industrial energy consumption.* Distillation is one of the nat-
ural candidates for thermal integration because of low ther-
modynamic efficiency (i.e., typically 5-20%), high energy
consumption and its importance in product recovery and
purification.

Among the various thermally integrated distillation tech-
nologies scrutinized so far seeking lower energy consump-
tion and better profitability, the most popular ones include
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the divided wall column (DWC),”™'? vapor recompression
column (VRC),>!31¢ and heat-integrated distillation column
(HIDiC). After several decades of research and development,
the DWC technology has been successfully commercial-
ized.* Presently, more than 100 DWC units are reported in
operation worldwide,18 and the number continues to rise.
Conversely, the externally heat-integrated VRC scheme is a
proven technology used to enhance the energy efficiency of
a distillation column and it is already implemented in indus-
trial practice for the separation of close-boiling mixtures.
Internally, HIDiC has emerged as a promising alternative
to the conventional distillation processes in reducing the
energy consumption and cost. The concept of HIDiC column
was first proposed by Haselden'® in 1958 for a gas separa-
tion unit. Subsequently, the idea was systematized by Mah
and coworkers”>*' under the name of secondary reflux and
vaporization. Again, the HIDiC technology has attracted the
attention of Japanese researchers as there were two big
worldwide energy crises in 1970s. Since then, the research
has focused in developing a number of variants of the HIDiC
system, particularly around the end of the 20th to the begin-
ning of the 21st century.”? An excellent overview of the
HIDIiC structures can be found in Nakaiwa et al.® and
Jana,4 and references therein. Recently, several research
groups>*>* are devoted in advancing the HIDiC technology.
This relatively new HIDiC column has now entered the
large-scale testing phase in Japan and in the Netherlands.®

*#Leading companies include Montz and BASF."”
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Supplying heat at the highest temperature point (i.e., col-
umn bottom) of the VRC scheme is not thermodynamically
favorable, particularly when the boiling point temperatures
of the components to be separated are far apart. In this
regard, some developments are made'*'%%3¢ and it is rec-
ommended to install the intermediate reboiler (IR)/heat
exchanger (HE) in a VRC structure that mainly targets to
distribute the heat along the column length, thereby reducing
the compressor work.

In a previous study,” we have introduced a mechanism
detailing the optimal use of IR(s) in the VRC. A number of
variants of the VRC system coupled with IR is developed
there. Furthermore, attempts are made to evaluate the benefit
of using an internal heat source over the steam, an externally
supplied utility, in bottom liquid reboiling. Among the vari-
ous forms of vapor recompression, the multistage VRC with
double IR has been identified as the best performer for the
separation of a wide-boiling mixture.

In this contribution, we propose a hybrid configuration of
a thermally integrated distillation column by introducing the
VRC with intermediate reboiler (VRCIR) in the HIDiC con-
figuration. Formulating an open-loop variable manipulation
mechanism, attempts are made to assess whether bottom lig-
uid reboiling is likely to be more thermodynamically and
economically favorable by the use of internal heat source
than that of externally supplied utility. Subsequently, two
modes of compressor arrangement, parallel and series, are
proposed for the HIDIC-VRCIR column having an internal
heat driven bottom reboiler in evaluating the energetic and
economic potential. Compared to the double-compressor-
based HIDiC-VRC system reported in the work of Kiran
et al.,*? the proposed triple-compressor-based hybrid scheme
additionally includes an IR and a third compressor that is
either arranged in parallel or series with the second compres-
sor within the framework of VRC mechanism. A multicom-
ponent wide-boiling mixture separation is considered to
illustrate all the variants of the proposed configuration and to
show the gradual performance improvement using these two
additional elements (i.e., IR and third compressor) one-by-
one. Till date, no such hybrid heat-integrated structure is
proposed and scrutinized with an example system.

36

Internally Heat-Integrated Distillation Column: A
Classical Approach

Distillation can be thought of as a combined operation of
heat pump and heat engine, where the former adds work to
the reboiler and the later removes it from the condenser.** In
a conventional distillation column (CDiC), the input work is
larger than the output work and it makes the operation an
irreversible one. The thermal degradation associated with the
temperature difference between the reboiler and condenser is
the principal reason for thermodynamic inefficiency of distil-
lation. To improve this situation, it is essential to reduce the
degree of irreversibility, which can be greatly done by utiliz-
ing the internal heat sources in a proper manner.

Over the past decades, many studies geared toward the
development of heat integration techniques for distillation
column have been presented in the literature. A large number
of these studies covers the internally HIDiC that shows
promising potential in boosting the thermodynamic
efficiency.

The basic structure of HIDiC system is shown in Figure 1.
Under this framework, the distillation tower is primarily
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divided into two diabatic sections with reference to the feed
stage. Consequently, the stripping section accompanies the
trim-reboiler at the bottom, whereas the rectifying section
includes the overhead condenser-cum reflux accumulator.
Vapor leaving the top of the stripping column is compressed
isentropically, causing an increase in both pressure and tem-
perature. The main purpose of compression in the Compl is
to elevate the pressure of the rectifier to provide a driving
force for heat transfer to the stripper that operates at a nor-
mal pressure as the CDiC. Moreover, a pressure reducing
valve (TV1) is installed in between the two diabatic sections
for pressure adjustment.

As shown, the internal vapor streams of high pressure
(HP) rectifying section are thermally coupled with the tray
liquids of low pressure (LP) stripping section by the employ-
ment of a set of vertically placed internal HEs. This thermal
arrangement leads to provide an additional liquid flow for
the former section and vapor flow for the later one, thereby
offering to reduce the utility consumption.

Introducing VRC in HIDiC Column: An Intensified
Approach

Because the rectifying column operates at a higher pres-
sure than the stripper, there arises a possibility of further
intensification by thermally integrating the overhead vapor of
rectifier with the bottom liquid of stripper in a HE (i.e., bot-
tom reboiler). Primary objective of this hot (HP) and cold
(LP) stream pairing is to recover the latent heat of top vapor,
an internal heat source, and utilize it in liquid reboiling so
that this intensified HIDiC column can further improve the
thermodynamic  efficiency  over the  HIDiC-alone
scheme.”>30-32 Achieving this goal may require the installa-
tion of a second compressor (Comp2) and this structure, as
shown in Figure 2, gives rise to the HIDiC column operated
in conjunction with a vapor recompression system. This
novel combination of internal (HIDiC) and external (VRC)
thermal integrations has the potential to reduce not only the
steam consumption but also the cold utility requirement.

At this moment, it is important to highlight that instead of
using a second compressor (Comp2) in the HIDiC-VRC col-
umn, alternatively the first compressor (Compl) can be oper-
ated at a reasonably large compression ratio (CR) so that the
criterion’ concerning the requirement of thermal driving
force for overhead vapor condensation in the bottom reboiler
is satisfied. Interestingly, this issue is addressed earlier®
showing that the use of two compressors, one for each
HIDiC and VRC, in the HIDiC-VRC scheme is attractive in
the aspect of both energy efficiency and cost than the use of
a single compressor. Therefore, in the present study, we
select the intensified HIDiC-VRC structure having double
compressors for further advancement.

It is obvious that compared to the CDiC scheme, the
HIDiC-alone additionally includes a compressor (Compl).
The intensified HIDiC-VRC configuration further involves a
second compressor (Comp2), along with Compl. Based on
the qualitative analysis, therefore, it is indeed difficult to
confirm if any advantage is offered by a heat integration sys-
tem over a conventional standalone column. Hence, we
believe that further analysis is warranted. Accordingly, we
carry out a quantitative analysis in terms of both energy

*Throughout this study, we assume a minimum temperature difference (AT i, ) of
20 K required for condensation of compressed vapor in thermal coupling.®’
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Figure 1. Schematic representation of an internally heat-integrated distillation column (HIDiC-alone).
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Figure 2. Schematic representation of an intensified HIDiC-VRC column.
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Table 1. Cost Estimating Formula and Parameter Value®

M Column shell: (A%(f) 101.9D] 0660802 (Cintemep)

Where, D, is the column diameter, L. the column height, M&S=
1625.9, and the coefficients c¢;, = 2.18, ¢, = 3.67, and ¢, = 1.2.
B Column tray: (4&8)4. 7D L (cs+c,+cm)

Where, the coefficients ¢, =1, ¢, =0, and ¢,, = 1.7.

B Heat exchanger: (’%) 101 .3A0'65(cin+cm(c,+cp))
Where, the coefficients ¢;, =2.29, ¢, = 3.75, ¢, = 0.1, and ¢, = 1.35.
B Compressor: (4&5)517 SBHP® (ciy +¢,)

Where, the coefficient ¢;, = 2.11 and ¢, = 1.0.

consumption and total annualized cost (TAC). The formula-
tion for estimating these two performance indexes is pre-
sented in Appendix A. Additionally, Table 1 reports the cost
estimating formulas with relevant parameter values.

Hybrid HIDiC-VRC with IR: The Proposed Scheme

The use of IR in addition to the conventionally used trim-
reboiler, both of which are driven by externally supplied

heat (e.g., steam), in distillation operations gives an added
advantage in terms of utility consumption and cost, particu-
larly for the separation of large boiling range mixtures.*® In
the similar way, it is true to say that instead of supplying
heat at the highest temperature point (i.e., column bottom) of
a VRC scheme, it can be distributed along the column length
by the installation of IR, thereby reducing the compressor
load. The use of IR in VRC column is proposed a long back
by Flower and Jackson.'® In recent times, this concept is
reintroduced and subsequently the VRCIR column is eval-
uated with the separation of a few systems, including the
reactive ones.'®

It is a fact that the compressor needs to operate at largest
CR when the latent heat of overhead vapor is targeted to
extract in bottom reboiler which operates at highest tempera-
ture. In the similar fashion, the compressor work starts
decreasing as the location of reboiler moves toward the top
of the column. This is the key motivation behind the use of
an IR in the VRC column. At the same time, however, we
should remember that shifting an IR upward may result in

VRC with IR (VRCIR)

!

VRC with single IR (VRCSIR)

VRC with double IR (VRCDIR)

|
J

VRCSIR with single compressor VRCSIR with double compressor

— IR is compressed vapor-heated

= Trim-reboiler is steam-heated

— IR is compressed vapor-heated

— Bottom reboiler is compressed vapor-heated

Conclusion: VRCSIR with single compressor achieves better economic performance than that
with double compressor. It reveals that steam-heated trim-reboiler is economically more
beneficial than the compressed vapor-heated bottom reboiler.

|

VRCDIR with two compressors in parallel

!

VRCDIR with a double-stage compressor

(i.e., two stages in series)

— Both IRs use separate compressors (single-stage)
— Trim-reboiler is steam-heated
— Condensates from both IRs are throttled and returned

back to reflux drum separately

— Both IRs use a single compressor having two stages
— Trim-reboiler is steam-heated

— The condensate formed in bottom IR at higher
pressure is let down through a throttling valve to top IR
at lower pressure. Thereafter, the condensate from top

IR is throttled and recycled back to reflux drum

schemes briefed above.

Overall conclusion: The VRCDIR with a double-stage compressor shows the best performance over the all other

Figure 3. A comparative performance between several variants of VRCIR for the separation of a particular wide-

boiling multicomponent reactive mixture.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Schematic representation of the HIDiC-VRCIR with compressors in parallel.

the followings: the requirement of increased external hot
utility at the bottom, and the participation of reduced amount
of overhead vapor as a heat source in the IR, indicating an
increase of coolant demand. This clearly indicates the neces-
sity of finding a suitable position for IR with reference to
some performance indexes.

One of our previous studies’® has proposed a policy for
the optimal use of IR(s) in the VRC. Several variants of the
VRC scheme accompanying with IR are configured. More-
over, the use of an internal heat source (i.e., latent heat of
overhead vapor) in bottom liquid reboiling is evaluated over
the use of steam, an externally supplied utility. Figure 3
highlights all these schemes and their comparative perform-
ances. Among, the multistage VRC with double IR has been
identified as the best performer for the separation of a spe-
cific mixture having widely different component boiling
points.

In this work, we propose a novel scheme that combines
the HIDiC column and VRC with IR. This hybrid HIDiC-
VRCIR system is configured with an internal heat driven
bottom reboiler in addition to a trim-reboiler. It is interesting
to note that involving no trim-reboiler in a heat-integrated
scheme is commonly known as an ideal configuration. The
hybrid system in conjunction with the bottom reboiler is

122 DOI 10.1002/aic
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further proposed with two variants: HIDiC-VRCIR with
compressors in parallel and HIDiC-VRCIR with compressors
in series (i.e., HIDiC-VRCIR with a multistage compressor).
In the following, these schemes are briefly presented.

HIDiC-VRCIR with compressors in parallel

As shown in Figure 4, the proposed HIDiC-VRCIR uses a
single IR and a bottom reboiler, both of which receive
energy from compressed vapor through condensation. For
this arrangement, two compressors, namely Comp2 for IR
and Comp3 for bottom reboiler, are installed in parallel. It
might be possible to achieve better thermodynamic perform-
ance from a heat-integrated structure by the use of multiple
IRs but at the expense of an enhanced complexity. There-
fore, here we are strict to develop the hybrid HIDiC-VRCIR
scheme accompanied with a single IR and an internal heat
driven bottom reboiler. However, one can use more than one
IR with extending the proposed methodology. Now, the two
crucial issues, concerning the selection of tray-to-IR pairing
and percent tray liquid that is to be vaporized in the IR, are
addressed later with an example system.

Based on the assumption that states the requirement of
20 K thermal driving force for condensation of the com-
pressed vapor, finding of operating parameters of the

January 2015 Vol. 61, No. 1 AIChE Journal



compressors operated in parallel mode is quite straightfor-
ward. We compute the CR from

Po To u/(u=1)
CR=-2=(22 1
=(3) m

where, P and T designate the pressure and temperature,
respectively, and subscripts i and o represent the input and
output, respectively. The polytropic coefficient, u (=C,/C,)
can be calculated from

/(n=1)=>_ i/ (= 1)] ()

In the above equation, C, and C, are heat capacities, and
y; the mole fraction of any vapor component i. Obviously,
here T,=T,+20, where T represents the temperature of a
stream coupled with the compressed vapor (at T,) in IR/bot-
tom reboiler.

The heat load of a CDiC column is estimated in terms of
its reboiler duty (Qg). Accordingly, the total heat consumed
(Qcons) by the CDIC is obtained from

QCons = QR Xto (3)

where, 7, is the total operational time. Obviously, there is no
need to multiply Qp with 7, if one wishes to have Q¢ in
terms of heat consumption rate. It should be pointed out that
here, we target to consume the same amount of heat (Qcons)
in all distillation configurations, including the heat integrated
ones. With this constraint, one may achieve the same prod-
uct quality and quantity from all columns that make sense
for a meaningful comparison between them.

An Open-Loop Variable Manipulation Policy. In this
hybrid HIDiC-VRCIR heat-integrated scheme, there are sev-
eral heat duty terms and they are involved with: trim-
reboiler (Q,), bottom reboiler (Qgg), intermediate reboiler
(Or), compressor (Qcomp), and internal heat exchangers
(HE) connected between rectifier and stripper in HIDiC
(Oug)- Aiming to run the hybrid configuration at a fixed heat
duty of Qs We need to devise an operational policy that
adjusts the manipulated variables in an open-loop fashion.
For this, at first we should know whether the total heat avail-
able from internal sources (=Qggr+QOr+0xg) is more or
less than Q.. Accordingly, the variable manipulation pol-
icy is formulated considering the existence of two scenarios
as detailed below.

Scenario 1: When Qc,ps > Qpr+Qr+Que.  In this case,
the total heat required for a thermally coupled column is
more than the available heat from all internal sources. It
clearly indicates the requirement of a trim-reboiler that can
supply the makeup heat from an external source (Q,) as

Q=0 cons~ (Qpr +O1r +Ohi) 4

Here, Q. acts as a manipulated variable. Obviously, this
scenario does not involve any overhead condenser because
of the participation of entire top vapor from the rectifier in
compression followed by condensation in bottom reboiler.

Scenario 2: When Qcons < Qpr+Qr+Qpus. The heat
integration system falls under Scenario 2 when the total heat
provided by internal sources is more than sufficient in oper-
ating the HIDIC-VRCIR column at a desired state. In this
situation, we have mainly two options left: either utilize the
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excess heat, amounting (Qpr +Or+One) — O cons» in distilla-
tion operation or run the column supplying an exact amount
of energy (Qc,,) With the rejection of excess heat. In the
former case, there is a chance of product degradation in
terms of quality and/or productivity. This may happen
mainly because of undesired reboiling of a heavier fraction
by the excess heat, particularly when the column operates at
an optimal heat duty, and this issue is not addressed in this
study.

Here, we manipulate the overhead vapor (V) by splitting
it into two streams: one part of Vj,, namely Vp,c, is com-
pressed and subsequently, it condenses in the bottom reboiler
releasing latent heat (1) to produce boil-up vapor. The
remainder of Vy,, namely Vp,;, is remained as an unused
internal heat source and sent to an overhead condenser. It is
worth noticing that the V¢ is adjusted in such a way that it
can exactly supply the heat required for running the hybrid
column (i.e., Qcons—Qnp) at a desired condition. Accord-
ingly, we further split V¢ into two streams, namely V,,
and V,, c.. The former stream enters the second compressor
(Comp?2) that is connected with an IR and the later stream
flows into Comp3 that is connected with the bottom reboiler.
Now, we can compute these streams as follows

QIR
Vv = 5
nC, 2 (at TI’ITCZ) (5a)
Ogr
1% = 5b
an3 A (at TnTCB) ( )
with
V”TC:VnTCZ +VnTC3 (SC)

Here, Ty, c denotes the temperature of compressed over-
head vapor. At this point, it should be noted that Q. is
obtained from Eq. 3, while Oy is known from the HIDiC-
alone scheme discussed earlier as well as in Appendix B
(see Eqs. B5a and B5b). Now to determine Qp for Eq. 5a,
we conduct a sensitivity test on the basis of TAC. Actually,
in this test that is shown later with an example system, we
calculate QO with the selection of an amount of stripper tray
liquid that must be allowed to enter the IR, ensuring an opti-
mal TAC. Knowing Qcons» Opes and O, we can easily cal-
culate Qpg (=0 cons—One ~Qr) for Eq. 5b.

Now, it is straightforward to compute Vp,; with known
V}’ITC as

V]’lTi = VnT - V}’lTC (6)

It is now obvious that Scenario 1 manipulates the external
makeup heat (Q.), involving a trim-reboiler but no con-
denser. Conversely, Scenario 2 requires an overhead con-
denser for the manipulation of top vapor rate and no trim-
reboiler, and therefore, this scenario corresponds to an ideal
configuration. It is worth noticing that the same variable
manipulation mechanism can also be used for the HIDiC-
VRC column (Figure 2) with the consideration of Oz =0.

In this parallel mode of HIDiC-VRCIR operation, the con-
densates formed in IR and bottom reboiler are throttled sepa-
rately in TV2 and TV3, respectively, and then they are sent
back to the reflux accumulator. Aiming to make this scheme
more realistic, necessary arrangement is made for the vapor
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Figure 5. Schematic representation of the HIDiC-VRCIR with compressors in series.

fraction produced in throttling valves to flow into the over-
head vapor line for condensation. Again, part of the accumu-
lated liquid is refluxed back to the top stage of the column,
and the remainder is drawn off as the distillate.

HIDiC-VRCIR with compressors in series

As shown the series mode of HIDiC-VRCIR column in
Figure 5, a part or the whole of the overhead vapor leaving
the rectifier is compressed in the first stage of a compressor
(Comp-S1) to an appropriate pressure. Then, a fraction of
this compressed vapor is thermally paired with tray liquid of
the stripper in an IR. The condensate formed in the IR is
subsequently depressurized by the use of a throttling valve
(TV2), yielding a liquid—vapor mixture. The liquid fraction
is returned back to the reflux drum and the vapor fraction to
the overhead vapor line. Remaining portion of the vapor
stream leaving Comp-S1 is further pressurized in the second
stage (Comp-S2) of a multistage compressor before utilizing
it as a heat source in the bottom reboiler. The condensate
leaving the bottom reboiler at higher pressure is let down
through TV3 to IR at relatively LP thus recovering work at
the same time. This way the multistage compressor in series
mode works in the hybrid HIDiC-VRCIR scheme.

To meet the criterion concerning the distillation operation
at a fixed heat duty, we follow the same open-loop variable
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manipulation policy developed earlier. In Scenario 1, first
the entire top vapor is compressed in Comp-S1 and then, a
fraction of it is used in IR and the rest is further subjected to
compression in Comp-S2 before utilizing its latent heat in
the bottom reboiler. Like the parallel mode of HIDiC-
VRCIR operation, the series arrangement under Scenario 1
involves a trim-reboiler but no overhead condenser because
of the reason stated earlier. As far as Scenario 2 is con-
cerned, the hybrid scheme manipulates the overhead vapor
splitting so that the column operates at a prespecified heat
load with rejecting the excess heat to a coolant stream in the
overhead condenser. As a consequence, Scenario 2 that cor-
responds to an ideal heat-integrated configuration avoids the
employment of a trim-reboiler. Note that the both scenarios
ensure the following condition

O cons=08r T O1r + O + 0. @)

with Q,=0 for Scenario 2.

An lllustrative Example: Separation of a
Multicomponent Hydrocarbon System
To evaluate the quantitative performance of all variants of

the proposed heat-integrated configuration, we simulate a
multicomponent distillation column that is referred to as the

January 2015 Vol. 61, No. 1 AIChE Journal
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CDiC. The CDiC serves as a basis for comparing all
thermally coupled structures. The representative column
separates a ternary hydrocarbon mixture containing n-butane
(n-Cy4), n-pentane (n-Cs), and n-hexane (n-Cg), which have
widely different boiling points. The column has total 24
trays, excluding the reboiler and condenser, and trays are
counted from bottom up. It operates at a bottom pressure of
409.12 kPa with a stage pressure drop of 0.3 kPa.

For a typical nth tray shown in Figure 6, the modeling
equations are derived in Appendix B. Obviously, the model
comprises of the ordinary differential equations (ODEs) and
the algebraic equations (AEs). The former equations are
obtained by the application of the conservation principle and
the later ones represent the physical properties, vapor—liquid
equilibrium, and so forth, all of which provide support for
solving the ODEs.

The coupled modeling equations are simulated in MAT-
LAB environment. Details of computer simulation and con-
cerned algorithm are given elsewhere.*® The column
specifications and operating conditions are documented in
Table 2.

Table 2. Process Parameters and Steady State Values

Items CDiC HIDiC-VRCIR

Feed flow rate (kmol/s) 0.02 0.02

Feed composition 0.3/0.4/0.3 0.3/0.4/0.3
(n-Cy/n-Cs/n-Cs)

Top composition 0.993/0.007/0.00  0.9933/0.0067/0.00
(mol fract)

Bottom composition 0.0103/0.5643/ 0.0114/0.5956/
(mol fract) 0.4254 0.393

Distillate (top) 315.59 370.19 (rectifier)
temperature (K)

Bottoms 368.05 367.79 (stripper)
temperature (K)

Distillate rate (kmol/s) 0.0059 0.0060

Bottoms rate (kmol/s) 0.0141 0.0140

Reflux ratio 2.03 1.60

Reboiler duty (kW) 440.50 0.00*

Tray efficiency (%) 70 70

Total number of trays 24 12+ 12
(excluding total
condenser
and reboiler)

Feed stage 12 12

Stage pressure drop 0.3 0.3
(kPa)

Bottom stage pressure 409.12 409.12 (stripper)
(kPa)

“The HIDIiC-VRCIR is an ideal configuration.
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Figure 7. Steady-state tray temperature profile (in this
figure, stage numbering in both the sections
has started from bottom up).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

HIDiC-alone scheme: Development and simulation
results

At the first stage of configuring a HIDiC column, we
divide the tray tower into two diabatic sections, having the
same number of trays (= 12) in both of them. As stated, the
stripper accompanies a trim-reboiler at the bottom and the
rectifier includes a trim-condenser at the top. An isentropic
compressor is placed in between the rectifier and stripper,
and this leads to run the former column at higher pressure
than the later one. To depressurize the rectifier bottom
stream before its entry at the top of stripper, a reducing
valve is also installed.

The modeling equations, which represent the heat integra-
tion arrangement of the HIDiC column, are documented in
Appendix B. Now, for identifying the tray-to-tray pairs for
heat exchange between two diabatic sections, we produce a
temperature profile in Figure 7 for both of them along their
length. Fixing a cutoff value for thermal driving force at
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Figure 8. Effect of CR on (A) TAC, (B) energy consump-
tion, and (C) distillate purity of the HIDIC-
alone column.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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20 K, the comparative temperature plot indicates the possi-
bility of thermal coupling for all 12 trays between the two
columns. Accordingly, the 12 internal HEs are proposed to
equip with the following pairs (stripper tray-rectifier tray):
1-13, 2-14, 3-15, 4-16, 5-17, 6-18, 7-19, 8-20, 9-21, 10-
22, 11-23, and 12-24.

For a heat-integrated system, usually we chose the values
for five parameters: the total number of stages (n7), the stage
pressure drop (AP), the reflux ratio (RR), the product of the
overall heat-transfer coefficient and the heat exchange area
(UA), and the CR. Among them, the first three are specific
to both the HIDIC and its conventional counterpart (i.e.,
CDiC). Actually, in the CDiC model, the CR and UA are
not involved as there is no existence of compressor and
internal HE connected between two stages.

It is a fact that by decreasing the total number of stages in
a thermally coupled configuration, one may achieve better
energy efficiency performance with an improvement in eco-
nomic potential. This is mainly because of the reduction in
compressor work. But at the same time, the product quality
has to be compromised. Therefore, in the present study, the
total number of stages is kept same (= 24) for both the con-
ventional and heat-integrated column.

The values of other four variables, namely CR, UA, AP,
and RR, are selected by performing several sensitivity tests.
As indicated above, the parameter values are chosen here
such that they can provide a minimum TAC in addition to
desired product specification. As shown in Figure 8, aiming
to find the optimal CR, it is varied from 2.6 to 4 with fixing
the UA, AP, and RR values at 0.8 kW/K, 0.3 kPa, and 1.8,
respectively. Obviously, the CR of about 3.42 shows the best
performance in terms of TAC and interestingly, this CR
leads to achieve the distillate purity of n-C4 close to that
obtained for CDiC at steady-state condition. For brevity,
other sensitivity tests are not detailed and the values for rest
three parameters are finally selected as: RR = 1.6, UA =0.8
kW/K, and AP= 0.3 kPa.

The overall energy consumed by the representative CDiC
and the HIDiC-alone scheme are computed as 440.5 and
176.79 kW, respectively. This represents an energy savings
of 59.87% achieved by the HIDiC-alone. Moreover, the heat
integration provides a 55.58% savings in operating cost,
showing a substantial improvement in both utility consump-
tion and cost. Although it is well known that the improved
thermodynamic performance is usually achieved at the cost
of an increased capital investment, this is not evident in
Table 3 for HIDiC-alone column. In addition to a reduction
of energy consumption by 59.87%, the thermal integration
secures a 3.68% savings in TAC as well, yielding a payback
period of 2.57 years (4.34 years with considering 20%
penaltyi).

HIDiC-VRC scheme: Development and simulation
results

As detailed earlier, the coupling of HIDIiC with VRC
scheme leads to provide an additional source of energy (i.e.,
latent heat) associated with the hot overhead vapor for
reboiling the relatively cold bottom liquid, thereby reducing
the consumption of both hot and cold utilities. As the ther-
mal driving force existed between the rectifier top vapor and

“It is reasonable to give extra penalties to the cost estimation because the installation
of internal heat transfer area into the HIDiC is much more complex than that for
CDiC.
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stripper bottom liquid (= 2.4 K) is less than 20 K that is the
least requirement (ATy,;, ) for phase change, we use a second
compressor, Comp2 (see Figure 2). Now using Eq. 1 with
AT in = 20 K, we obtain the CR of 1.24 for Comp2. Operat-
ing Comp2 with this typical CR, we observe that the latent
heat released by the entire overhead vapor in bottom reboiler
(Qpr) is larger than the energy demand [=Qco.—Qup=
(440.5 — 313.66) kW = 126.84 kW]. It reveals that Q¢ <
QOpr T Opg, indicating the existence of Scenario 2. Imple-
menting the variable manipulation mechanism formulated in
HIDiC-VRCIR with compressors in parallel Subsection, we
split the overhead vapor to adjust the vapor inflow rate to
the compressor so that it can provide no excess heat to the
reboiler content. As there is no requirement of external heat
source in bottom liquid reboiling of the sample system, it is
appropriate to call this structure as the ideal HIDiC-VRC
scheme.

It is evident in Table 3 that this ideal configuration shows
a significant savings in both energy consumption (=
82.72%) and utility cost (= 75.91%). In fact, in comparison
with the HIDiC-alone, the HIDiC-VRC column secures
about a 23 and 20% increment, respectively. Over a payback
period of 3 years, this combined structure also improves the
TAC savings to more than 9%.

Proposed HIDiC-VRCIR scheme: Development and
simulation results

HIDiC-VRCIR with Compressors in Parallel. Now, we
would like to introduce an IR in the ideal HIDiC-VRC col-
umn that is developed above. At this moment, it should be
pointed out that this hybrid HIDiC-VRCIR does not require
any external heat driven trim-reboiler and it includes three
compressors. As shown in Figure 4, one compressor
(Compl) is associated with the HIDiC column, second one
(Comp2) is for IR, and third one (Comp3) for bottom
reboiler.

Prior to analyzing the performance of the parallel mode of
HIDiC-VRCIR column, it is required to find the amount of
stripper tray liquid to be allowed to IR for vaporization and
to fix the IR-stripping tray pairing. For this purpose, we per-
form sensitivity tests with considering the TAC and energy
savings as the two determining factors. It is evident from
Figure 9 that about 33 mol % of tray liquid of the stripper
leads to achieve the minimum TAC and maximum energy
savings. By performing a similar test to choose the IR-
stripping tray pairing (not shown for brevity), we finally
adopt a tray liquid of about 33 mol % that is allowed to IR
from sixth tray for vaporization.

As indicated earlier, like the HIDiC-VRC column, this
hybrid scheme falls under Scenario 2. Hence, the parallel
mode of HIDiC-VRCIR configuration manipulates the vapor
inflow rate to both of the compressors (Comp2 and Comp3).
The fraction of top vapor that flows to Comp?2 is calculated
from Eq. 5a as

_033}7’!(, A (at TG)

Vv = 8
nrC, 7 (at TnTCz) ®)

with
QIR:0.33m6;L (at T6) )
Here, mg and Ty are the liquid holdup and tray tempera-

ture, respectively, with respect to sixth tray. Similarly, the
vapor inflow rate to Comp3 is determined using Eq. 5b.
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Table 3. Comparative Quantitative Performance Between the Proposed Schemes with Reference to the CDiC Column

HITDiC-VRCIR®

Item CDiC HIDiC-Alone HIDiC-VRC HIDiC-VRCIR* Series Parallel
Operating cost ($/yr)
Condenser
Duty (kW) 411.40 198.70 130.81 51.42 23.37 24.68
CW required (ton/yr) 2,808,007.67 1,372,180.05 892,840.0 351,000 159,510 168,451
Cost of CW 168,480.46 82,330.80 53,000.27 21,060.00 9570.60 10,107.10
Trim-reboiler (steam-heated)
Duty (kW) 440.5 126.84 0.0 27.46 0.0 0.0
Steam required (ton/yr) 9326.27 2701.04 0.0 584.35 0.0 0.0
Cost of steam 182,608.40 52,886.42 0.0 11,441.62 0.0 0.0
Intermediate reboiler
(compressed vapor-heated)
Duty (kW) - - - 97.75 97.75 97.75
Cost 0.0 0.0 0.0 0.0 0.0 0.0
Bottom reboiler
(compressed vapor-heated)
Duty (kW) - - 126.84 - 27.46 27.46
Cost 0.0 0.0 0.0 0.0 0.0 0.0
Compl
Duty (kW) 0.0 16.65 16.65 21.30 21.30 21.30
Cost of electricity 0.0 20,715.98 20,715.98 26,508.65 26,508.65 26,508.65
Comp2
Duty (kW) 0.0 0.0 8.72 2.826 3.09 2.825
Cost of electricity 0.0 0.0 10,851.55 3516.30 3846.80 3515.90
Comp3
Duty (kW) 0.0 0.0 0.0 0.0 0.0878 0.344
Cost of electricity 0.0 0.0 0.0 0.0 109.20 428.02
Energy saving (%) - 59.87 82.72 77.33 83.33 83.33
Total utility cost ($/yr) 351,088.86 155,933.20 84,567.80 62,526.57 40,035.25 40,559.67
Utility cost savings (%) - 55.58 7591 82.19 88.60 88.45
Capital Cost ($)
Condenser 111,618.03 70,079.78 53,000.27 28,888.07 17,301.60 17,524.67
Trim-reboiler 142,409.29 63,440.50 0.0 23,467.30 0.0 0.0
Internal heat exchangers 0.0 492,194.84 492,194.84 493,387.93 493,358.64 493,358.62
Intermediate reboiler 0.0 0.0 0.0 80,591.40 80,591.40 80,591.40
Bottom reboiler 0.0 0.0 95,462.32 0.0 35,334.26 35,334.26
Column 347,376.05 347,376.05 347,376.05 347,376.05 347,376.05 347,376.05
Trays 617,728.32 617,728.32 617,728.32 617,728.32 617,728.32 617,728.32
Compl 0.0 130,150.00 130,150.00 159,320.00 159,311.04 159,311.04
Comp2 0.0 0.0 76,591.94 30,399.00 32,723.55 30,397.11
Comp3 0.0 0.0 0.0 0.0 1763.73 5406.07
Total capital cost ($) 1,219,131.69 1,720,969.49 1,812,503.74 1,781,158.07 1,785,488.59 1,787,027.54
TAC (0 =13) ($/yr) 757,466.09 729,589.70 688,735.71 656,245.93 635,198.11 636,235.52
TAC savings (%) - 3.68 9.07 13.36 16.14 16.00
Payback period (yr) - 2.57 2.23 1.95 1.82 1.83
Payback period (with a - 4.34 3.59 3.18 2.97 3.00

penalty of 20% added
to the total capital cost) (yr)

“Without bottom reboiler.
"With bottom reboiler.

With this manipulation policy, applying Eq. 1, we obtain
the CR for Comp2 and Comp3 that are arranged in parallel
as 1.164 and 1.216, respectively. Actually the source (i.e.,
overhead vapor) is made hotter than the sink (i.e., reboiler
and IR contents) by compression action. In the next, we con-
duct a quantitative performance analysis for comparison. In
Table 3, one may readily find that the parallel mode of ideal
HIDiC-VRCIR saves 83.33, 88.45, and 16% in energy con-
sumption, operating cost, and TAC, respectively. This
improvement leads to a reasonably low payback period of
1.83 years (3 years with a 20% extra penalty to CI). Clearly,
this hybrid HIDiC-VRCIR outperforms the HIDiC-VRC and
HIDiC-alone schemes.

HIDIC-VRCIR with Compressors in Series. Only differ-
ence made in series mode of ideal HIDiC-VRCIR operation
over its parallel counterpart is the compressor arrangement.
The position of IR and the amount of stripper tray liquid fed
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to the IR are remained identical in both of them. This series
mode of HIDIC-VRCIR column is detailed earlier, and its
CRs for Stage 1 and Stage 2 are determined as 1.164 and
1.045, respectively. Implementing the variable manipulation
algorithm under Scenario 2, we further proceed to quantify
the energetic and economic potential. It is evident from
Table 3 that this series mode of HIDiC-VRCIR column
shows more or less same results compared to the parallel
mode, but better performance over the HIDiC-VRC and
much better than the HIDiC-alone scheme with reference to
the CDiC column.

Now, we wish to analyze this series mode of hybrid
HIDiC-VRCIR with respect to the VRCIR-alone reported in
Kumar et al.,36 which shows that the series (i.e., multistage
compressor) arrangement secures better energy savings and
economic performance over the parallel arrangement for the
separation of a mixture having widely different boiling point.
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Figure 9. Effect of stripper tray liquid vaporized in the
IR on (A) TAC and (B) energy savings.

For the VRCIR-alone configuration, this happens mainly
because of the availability of latent heat of a large vapor
fraction of bottom reboiler condensate after pressure adjust-
ment in reboiling the relatively low temperature IR content,
thereby reducing both the compressor work and cold utility
requirement.

Conversely, although a wide boiling mixture is similarly
treated in the present work, the situation existed in the
HIDiC-VRCIR column is somewhat different. Actually, in
this hybrid scheme, unlike the VRCIR-alone, the temperature
difference between the source (rectifier top) and sink (strip-
per bottom) is relatively much small and positive because of
the operation of rectifier at an elevated pressure, leading to
the separation of a close-boiling-like mixture. As a conse-
quence, TV3 produces a negligibly small quantity of vapor,
which offers a marginal advantage in terms of latent heat
supply to the IR as well as reduced coolant consumption.
Hence, as shown in Table 3, almost no performance
improvement is achieved by the series mode over the paral-
lel mode of ideal HIDiC-VRCIR column.

Comparison of HIDiC-VRCIR Schemes: Bottom Reboiler
vs. Trim-Reboiler. The ideal HIDiC-VRCIR scheme is
tested and compared above between its series and parallel
arrangements. Note that both the arrangements use the inter-
nal heat driven bottom reboiler, not the trim-reboiler that is
operated with externally supplied heat. Now, we are inter-
ested to explore the suitability of a reboiler, among these
two, for the HIDiC-VRCIR scheme. Accordingly, we replace
the bottom reboiler by the steam driven trim-reboiler in the
said scheme and perform a comparative study for the same
example mixture.
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As shown earlier, the sample large boiling range mixture
gets separated as a close-boiling mixture in the hybrid col-
umn. Therefore, it is unlikely that there would be any signifi-
cant change in economic performance by the replacement of
internal heat by an external steam in vaporizing the reboiler
content. In fact, comparing the performance of HIDiC-
VRCIR having a trim-reboiler with any one of the ideal
HIDiC-VRCIRs in Table 3, one may readily find that the
ideal configuration shows better savings in the aspects of
both utility consumption and TAC. It clearly contradicts the
results shown in the case of VRCIR-alone'®~® and the reason
for this is indicated earlier with regard to the thermal driving
force. Now, it can be concluded that there must be an opti-
mal temperature difference (AT) between the sink and source
for a particular mixture, above which the use of trim-reboiler
is economically beneficial and below that the employment of
bottom reboiler would make the operation more cost
effective.

It is now suggested to determine the optimal temperature
difference based on an economic parameter, namely TAC.
For a heat-integrated configuration, the optimal value is sys-
tem specific and it should provide the same economic per-
formance whether one uses trim-reboiler or bottom reboiler.

Conclusions

In this article, a novel combination of HIDiC and VRC
with an IR is proposed. A process configuration is developed
aiming to thermally couple the tray liquid of a LP stripper
with the overhead vapor leaving the HP rectifier in an IR.
By this way, the compressor work gets reduced in the pro-
posed HIDiC-VRCIR column compared to the HIDiC-VRC
scheme. It is investigated for a hydrocarbon system having
components with widely different boiling points that the use
of an IR in the HIDiC-VRCIR column equipped with an
externally supplied steam driven trim-reboiler secures an
improvement in energy savings and cost compared to the
HIDiC-VRC and HIDiC-alone with reference to a conven-
tional standalone column.

Formulating an open-loop variable manipulation algo-
rithm for an optimal use of internal heat sources, we evalu-
ate the comparative impact of internal and external heat
sources on bottom liquid reboiling. In this hybrid HIDiC-
VRCIR scheme, unlike the VRCIR-alone, the temperature
difference between the source (rectifier top) and sink (strip-
per bottom) is relatively much small and it is, in fact, posi-
tive for the sample wide-boiling mixture because of the
operation of rectifier at an elevated pressure, leading to the
separation of a close-boiling-like mixture. As a conse-
quence, it is observed that the internal heat driven bottom
reboiler provides better energy savings and economic per-
formance over the steam-driven trim-reboiler in the hybrid
column. In this light, it can be concluded that there must be
an optimal temperature difference (AT) between the sink
and source for a particular mixture, above which the use of
trim-reboiler is economically beneficial and below that the
employment of bottom reboiler would be more cost effec-
tive. The issue concerning the determination of this optimal
driving force for a specified system will be addressed in
future work.

Subsequently, for the better performing HIDiC-VRCIR
column in conjunction with an internal energy driven
bottom reboiler, we further propose the two modes of com-
pressors arrangement, namely parallel and series. For the
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representative system, in which, the boiling point tempera-
tures of the components to be separated are far apart, the
series mode of HIDiC-VRCIR column shows a little better
overall performance compared to its parallel counterpart.
Comparing these two ideal HIDiC-VRCIR configurations,
we conclude that the energetic and economic potential of the
series mode enhances as the temperature difference (AT)
between the sink and source increases.

Notation
A = heat exchange area, m>
F = feeding rate, kmol/s
H = enthalpy, kJ/kmol
L = liquid flow rate, kmol/s
LfmF = rate of liquid produced in internal HE for (np+n)th rectifier
stage, kmol/s
m = liquid holdup, kmol
NC = total number of components (= 3)
np = feed tray
ny = top tray/total number of stages
P = pressure, kPa

P, = total pressure, kPa
QO = heat duty, kW
Ocons = total heat consumption, kW
O cons = total heat consumed for the entire operational time, kJ
Q. = makeup heat supplied externally to trim-reboiler, kW
S = side stream rate, kmol/s

= temperature, K
t, = total operational time, s
= overall heat-transfer coefficient, kW/m2 K
V = vapor rate, kmol/s
VS = rate of vapor produced in internal HE for nth stripper stage,

kmol/s
Vn,c = fraction of overhead vapor rate (Vj,) subjected to compression,
kmol/s
Vn,i = fraction of overhead vapor rate subjected to condensation,
kmol/s
x; = liquid phase mole fraction of species i
y; = vapor phase mole fraction of species i
= stage pressure drop, kPa
AT = thermal driving force, K
AT i, = minimum thermal driving force, K
1= polytropic coefficient
y = activity coefficient
/ = latent heat, kJ/kmol

BR = bottom reboiler
Comp = compressor
Cond = condenser
Cons = heat consumption
HE = internal HE connected between rectifier and
stripper in HIDiC
i = inlet/component index
IR = intermediate reboiler
L = liquid
n = tray index
np = feed tray
nt = top tray

o = outlet
= trim-reboiler
V = vapor

0 = vapor pressure

Abbreviation

CDiC = conventional distillation column
Comp = compressor
CR = compression ratio
HIDIC = heat integrated distillation column
IR = intermediate reboiler
RR = reflux ratio
TV = throttling valve
VRC = vapor recompression column
VRCIR = vapor recompression column with intermediate reboiler
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Appendix A
Energy consumption

The total energy consumed (Qc,,,) by a heat-integrated col-
umn is calculated by adding the reboiler heat load (Qg) plus
three times the compressor duty (Qcgpyp)- It implies

QCons = QR +3 QComp (A 1 )

The factor of three for the compression duty is assumed to
convert the compression work into the thermal energy required
to produce an equivalent amount of electrical power.”®

It should be noted that for the CDiC column, Qcom,=0. As
far as HIDiC is concerned, the following form of correlation is
used for computing the compressor duty®’

u=1

P
QCOmp:3.03><1o*5—uf VP, (—Pf’> . (A2)
1

In the above equation, the pressure (inlet pressure, P; and out-
let pressure, P,) is in Iby/ft%, and the vapor inflow rate to the
compressor (Vp,.) is in ft>/min. The polytropic coefficient (x) is
calculated from Eq. 2. Knowing the QO¢,,, for CDiC and its
heat-integrated counterpart, one can estimate the percent energy
savings.

Economic evaluation

The TAC that is usually used as the indicator for economic
feasibility of a heat-integrated configuration is expressed as

ital investment (CI
TAC ($/yr)=operating cost (OC)+Cap1a investment (CI)

payback period (0)
(A3)

The capital cost is estimated by summing up individual equip-
ment cost, determined using the formulas given in Table 1. The
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operating cost of the compressor is computed as suggested by
Douglas®” based on the bhp (= hp/0.9), and a motor efficiency
of 0.6. For the sake of simplicity, operating costs are taken to
be identical to utility costs, that is, the number resulting from
the summation of electricity (0.084 $/kW h), steam (17 $/t), and
cooling water (0.06 $/t) costs for a year having 8000 operating
hours.?

Appendix B

The following assumptions have been adopted in deriving the
mathematical model for both the CDiC and HIDiC columns.

e Perfect mixing and equilibrium on all trays.

e Negligible tray vapor holdups.

e Variable liquid holdup in each tray.

e Hildebrand regular solution model® to predict vapor—
liquid equilibrium.

e Constant stage pressure drop (0.3 kPa) and efficiency
(70%) for all trays.

e Nonlinear Francis weir formula for liquid hydraulics
calculations.

Figure 6 represents a typical nth tray, showing all incoming
and outgoing streams. The plate is fed with a liquid feed mix-
ture and the side streams are withdrawn in both liquid and vapor
states. Numbering the stage with the bottom as Stage 1 and the
top as Stage ny (=24), the governing equations for the dynamic
model of nth (subscript n) tray of a distillation column can be
derived as

nth tray (for CDiC and HIDiC)
Total Mole Balance

Hty=Lys1+Vuo1 +F,— (L, +S5)—(V,+S))  (Bl)
Component (i) Mole Balance

L. _ Ly ..
MyXnp, i_er+1xn+1, 1’+Vn*1yn—17 [+Fnzn, i_(Ln+S,,))‘n, i

_(Vn+S;‘1/)yn, i
(B2)
Energy Balance
. oL
tiuH =Ly Hy  +V,— H\_ +F,H, — (L, +S%)H, B3)
—(V,+S)H)
Equilibrium (Species i)
Py, i=7n, in, iXn, i (B4)

Here, the dot symbol (.) is used to represent the time deriva-
tive. The time derivative of the multiplication of two variables,
say m and x, is denoted here by mx(=d(mx)/dt).

Internal HE (for HIDiC)

As shown in Figure 1, suppose the nth stage of stripper is
coupled with (np+n)th stage of rectifier. Accordingly, we
have

0,=UA (Tp+n.—T,) (B5a)
with
n=Ng
Oue=Y 0, (BSb)

n=1
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Stripping Section Compressor (for HIDIC)

VS = 0, (B5¢) Equation A2 is used for computing the compressor work
" N. (Qcomp) and Eq. 2 for the polytropic coefficient (u). By rear-
Zizly ii ranging Eq. 1, one can compute the temperature of the com-
" pressed overhead vapor as

Rectifying Section -

Po\ ©
0 To=T; <F) (B6)

Lyin,= : (B5d) i

(Zicl Xili )
n+Ng
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