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The vapor recompression (VRC) distillation scheme is examined and compared with conventional distillation in an anal-
ysis spanning fundamental thermodynamics, high-level calculations, and rigorous simulation. The purpose of this article
is three-fold: first, it provides greater insight into VRC distillation. Second, it provides a process synthesis tool to rap-
idly assess whether VRC is likely to be more thermodynamically favorable than conventional distillation for a given
split. Third, it may be used to determine if VRC can be implemented practically. The tool presented in the article is con-
solidated in the form of a single chart, for which only the top and bottom product temperatures are required to deter-
mine the outcome. Using this chart, first-pass estimates can be obtained with no calculations whatsoever. The tool,
which appears to be the first of its kind in this context, is validated with examples and rigorous simulation. © 2013
American Institute of Chemical Engineers AIChE J, 59: 2977-2992, 2013
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Introduction 1. Complex distillation arrangements/column coupling®™'®
(e.g., Petlyuk,”f14 multieffect,’>™"” and distributed-feed col-
umns'$-20);

2. Diabatic columns (in which heat is added or
removed on several or all stages, allowing the column to op-
erate more reversibly);

3. Heat-pumping techniques™ (e.g., vapor recompression
(VRC) and absorption heat pumps);

4. Heat-integrated distillation columns (in which the rec-
tifying section is compressed and transfers heat to the stripping
section, using a combination of the first three modifications).

The literature covering these topics is vast (which is indic-
ative of the urgency to find energy savings in distillation
processes); thorough reviews and comparisons can be found
in Rév et al.,’> Nakaiwa et al.,31 and Jana.>?

Research related to energy-efficient columns is on a trajec-
tory of increasing complexity, with simpler systems thought

‘Correspondence concerning this article should be addressed to N. Felbab at to be well-understood. One such class of “simple” systems is
Nik.Felbab@gmail.com. . .. . . .
heat-pump-assisted distillation, of which there are three typi-

© 2013 American Institute of Chemical Engineers cally used variants: VRC; the closed-cycle process, which

Despite the well-established fact that distillation is an ener-
getically inefficient process,l_3 it has seen widespread indus-
trial application for the separation of mixtures over the last
century: by Humphrey’s® estimate, up to 90% of all product
recovery. Conventional, or simple, distillation columns (those
with one feed, a distillate, a bottoms, a condenser, and a
reboiler; see Figure la) are the most prevalent, even though
they are often not the most efficient distillation configuration.

Improvements in the energy efficiency of distillation remain
a challenge for industry, especially due to the rising costs of
energy and growing environmental concerns. In an attempt to
mitigate this, a large number of increasingly complex modifi-
cations to, and departures from, conventional distillation have
been devised over the last few decades. These include:
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Figure 1. Schematic representations of (a) conventional distillation, and (b-d) the three most common heat-pump-

assisted distillation configurations.

involves the use of an external working fluid; and bottoms
ﬂashing.‘g‘gf36 Figures 1b—d show the general schematics of
these configurations, respectively. Of these three alternatives,
VRC has been found to be the most advantageous and
economical 7%

The application of VRC to distillation has been studied
extensively.?***33746 The literature to date has focused
mainly on the detailed analysis and simulation of various
systems, on the economic optimization of these systems and
their operating conditions, and on controllability. Many of
these studies have found—for the various systems studied—
that VRC is most beneficial for close-boiling mixtures, sys-
tems which require high heat loads, small column pressure
drops, and low process temperatures.‘“’47

Previous research has dealt with simulation or optimization
of standard VRC (SVRC), but has not considered a general-
ized process synthesis approach. It is this gap in the literature
that this article is aiming to bridge; the main goal of this arti-
cle is to develop a tool that can rapidly provide insight into
the operation of SVRC prior to rigorous simulation. This tool
can assess whether or not SVRC is inherently more efficient
for a given split than conventional distillation at the most fun-
damental thermodynamic level, and whether or not it is likely
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that SVRC could be implemented practically. In this way, rig-
orous calculation, simulation, and optimization effort—which
can be substantial—need not be wasted if there is no possible
benefit to using SVRC for a given problem. The presented
methodology can be used to discard clearly unfavorable alter-
natives immediately; unlike optimization, its purpose is not to
find the best possible alternative.

Previously, thermodynamic analyses using the first'™ and
second®?!*%-31 Jaws have been performed on conventional
distillation columns. A review of the application of thermo-
dynamic analyses to separation systems—and conventional
distillation in particular—can found in Demirel.*®

In this article, fundamental thermodynamic principles are
applied to SVRC. The main innovation of this work is the
presentation of the resulting process synthesis tool as a sin-
gle chart (see Figure 10), for which only the distillate and
bottoms temperatures are required. Using solely these two
temperatures, estimates can be made of whether or not
SVRC is inherently thermodynamically more efficient than
conventional distillation, and the minimum compression ratio
(a technical deciding factor for practical implementation) can
be determined. Moreover, if the ideal gas heat capacity of
the overhead vapor is known, it is possible to estimate
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whether superheating of the compressor inlet is necessary to
avoid condensation on compression. Using this tool, the
applicability of VRC can be assessed completely graphically;
that is, with no calculations at all. This appears to be the first
approach of its kind for SVRC; previously, no general guide-
lines for rapidly determining if VRC is worthwhile have
been presented in the open scientific literature. In this era, in
which energy savings are becoming more and more crucial,
it is useful to have simple guidelines to aid the engineer in
the decision-making process; this applies equally to green-
field projects and to retrofitting.

In the sections that follow, a thermodynamic analysis of
conventional columns is first presented. This then provides a
basis for comparison with SVRC, which considers energy
flows, as well as work flows. Thereafter, a general thermody-
namic criterion for the rapid determination of the efficiency
of SVRC compared to conventional distillation is presented.
Additional indicators for two key variables—compression ra-
tio and compressor inlet superheating—are incorporated;
these dictate whether or not it might be possible to imple-
ment the SVRC practically. All of this information is con-
solidated in Figure 10, which allows for entirely graphical
estimation of whether or not SVRC is likely to be favorable
and feasible for a given problem. The results are confirmed
with a number of rigorous simulations.

Throughout this work, ambient pressure (Pj) and tempera-
ture (T,) are taken to be 101 325 Pa and 298.15 K, respec-
tively. As the thermodynamic basis, pure liquids are taken to
have zero enthalpy and entropy at ambient conditions. Vapors
are treated as ideal gases, since the pressures used in VRC
are sufficiently low to make effects of nonideality negligible.
As a convention, component indices in a mixture are
arranged in order of volatility, with “1” being the most vola-
tile, for example xg, refers to the liquid mole fraction of the
second-lightest component in the feed.

Simplifying Assumptions

The rigorous simulation and comparison of conventional
columns and SVRC can be a time-consuming endeavor, and
a potentially wasted one if SVRC proves not to be advanta-
geous or even technically feasible. To reduce this wasted
effort, the main aim of this work is to derive a tool that gives
a preliminary indication as to whether SVRC might have
benefits over conventional distillation; rigorous simulation is
then only undertaken when this preliminary indication shows
evidence of potential benefits. With this goal in mind, it is
clear that the synthesis tool should be fast, simple, and ana-
Iytical (as opposed to computational). For the purposes of
arriving at simple, high-level calculations for easy analysis, a
number of assumptions are made in this article:

1. The reboiler adds work as a reversible heat pump, and
the condenser removes work as a reversible heat engine. As
will be seen later, the purpose of the thermodynamic analysis
in this article is to compare the best inherent performance of
the conventional and SVRC configurations; this reversibility
represents the limit of operation for these pieces of equip-
ment, and is, thus, an appropriate assumption;

2. The feed and products are liquid. This is a common
scenario in distillation, and here it serves the purpose of
removing a degree of freedom, thereby reducing the number
of variables to one amenable to high-level analysis;

3. The feed mixture is a binary, ideal mixture. The fact
that it is binary allows for pure-component products in the
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configurations considered in this article (see the next point).
Its ideality removes the complexity associated with nonideal
mixtures, which would require iterative computations, and
would, thus, render the analytical equations derived in this ar-
ticle impossible; instead, the simple constant relative volatility
model can be used;

4. The feed mixture is split into pure components, with the
pure light component recovered in the distillate, and the pure
heavy component recovered in the bottoms. The purpose of
this complete separation is three-fold: first, it represents the
limit of operation in terms of degree of separation, and is also
a reasonable approximation of the most typical separation
problems, in which quite pure products are sought; second, it
removes degrees of freedom, and allows the analysis to focus
on more important variables; and finally, it allows for easier
analysis, because the product vapor and liquid saturation tem-
peratures are simply the pure-component boiling points, elimi-
nating the need for iterative bubble- or dew-point calculations,
and additional property information;

5. The distillation column adheres to constant molar over-
flow (CMO): sensible heat effects are negligible in compari-
son with latent heat, heat of mixing is zero, all components
have the same latent heat, and the column is adiabatic. This
is a very common simplification that is generally quite accu-
rate for ideal and near-ideal mixtures.

The examples presented later in the section “Rigorous Sim-
ulation and Validation” each deviate from one or more of the
above assumptions, and it would appear that the applicability
of the proposed approach does not diminish appreciably as a
result of these simplifying assumptions. Note that the
assumption of a binary mixture in point 3, and of pure-com-
ponent products in point 4 above, are not strictly necessary
for the novel methodology proposed in this article, as long as
the product temperatures are known; these assumptions
merely simplify the analysis in this article.

Thermodynamic Analysis: Conventional
Distillation Columns

In this section, a brief, high-level thermodynamic analysis
of conventional distillation is performed. The foundation of
this work is well-known,>>™ but it is included here to serve
as a basis for comparison with the SVRC scheme.

Conventional distillation columns can be thought of as a
coupled heat pump and heat engine, where the former adds
work to the column (reboiler), and the latter removes it (con-
denser). The input work is greater than the output work,
such that there is net addition of work to the column, part of
which is used to perform the separation, and the remainder
of which contributes to entropy generation. This is a well-
established”’ understanding of the fundamental work flows
in distillation columns: they extract work from heat flows by
degrading the quality of the heat.

To improve overall process efficiency, the work flow that is
removed from the column can, in some cases, be reused in
another part of the process, as long as that part of the process
can accept lower-quality heat.®! This is the preferred approach;
however, in the absence of the overall process context, this ar-
ticle will consider the distillation system in isolation.

Work addition and removal in distillation columns

Figure 2 shows a schematic representation of the work
inputs and outputs, and also serves as a reference for the
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Figure 2. Schematic representation of a conventional
distillation column, along with the mass, heat,
and work flows in and out of the system, as
well as the significant temperatures.

nomenclature used in this section. Assuming a reversible
heat pump, the work input is expressed mathematically as

Win = O (1- 20 1
m_Qm( T_R) ()

The work removed from the column by a reversible heat
engine is

Ty

Wout = Qout (1 - TiC) (2)

Minimum theoretical energy input to effect separation
(reversible distillation model)

An entropy analysis over the column gives

Qin

& Qout
FSp+
F TR

Tc

+ Sgen = DSp + BSp + 3)

The temperatures of heat input and output are taken at the limit
of performance; that is, countercurrent heat exchangers with infi-
nite heat-transfer area are assumed, such that the heating medium
enters at the temperature of the process stream outlet, and the
cooling medium leaves at the process stream inlet temperature. In
other words, heat is added at the process stream outlet tempera-
ture, and it is removed at the process stream inlet temperature.

A reversible column is one that generates no entropy, that
is Seen =0W/K. This is the ideal case, in that no work is
wasted, and it demarcates the theoretical limit of performance:
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no distillation column could be more efficient than a com-
pletely reversible one. Consequently, a reversible column rep-
resents the minimum theoretical heat requirement of a
distillation column to perform a given separation.

Assuming a column that generates no entropy (Sgen =
O0W/K), and separates the feed mixture into pure liquid
components (Sp = S = 0), Eq. 3 becomes

Qin :@

FA§ ix T
m Tr Tc

“

The assumptions made in this section also give an energy
balance of Q;, = Qou, hence

& . _ Qin L_i
ASle - F (TC TR) (5)

Rearranging Eq. 5 and recognizing that ASny =
—R > x;Inx; for ideal mixtures, the following is obtained

FR)  xpInxg;
O, sep — # (6)

Tc Tr

Equation 6 represents the minimum theoretical heat input
required to perform the separation.
Furthermore, Eq. 5 can be substituted into Eq. 1 to give

. Wi Tr—T
FASwix = =% (—TR_T§> !
R

The relationship in Eq. 7 will be useful later.

Minimum practical energy input

In practice, distillation columns have a minimum heat
input that is different from Eq. 6 owing to their internal con-
figuration, with the minimum heat requirement correspond-
ing to minimum reflux. Using a simple derivation (which is
given in Appendix A), with minimum reflux estimated by
Underwood’s method,®* the following equation gives the
minimum practical heat input into a distillation column

1
Oin,min = F7 <— + XF,1> ®)
' a—1

Comparison of theoretical and practical minimum
energy

It is now possible to compare the practical minimum heat
input, Eq. 8, with the theoretical minimum, Eq. 6. To do this,
Qi /F for the practical and theoretical minima is plotted as a
function of feed composition in Figure 3; the systems considered
and their (constant) properties are given in Table 1. The chosen
systems cover a wide range of relative volatilities (or differences
in reboiler and condenser temperatures, which are related) to
assess why some are amenable to VRC, and others not.

Figure 3 not only shows that the separation of wider-boil-
ing mixtures requires less energy than that of narrow-boiling
ones, but also that these mixtures can operate closer to their
theoretical minima using the conventional distillation column.
However, the most important insight that this figure offers is
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Figure 3. Comparison of minimum theoretical heat input and minimum practical heat input to a conventional distil-
lation column for a sharp split as a function of mole fraction of the light component in the feed.

that conventional distillation becomes less and less efficient as
the feed tends to higher purity in either direction. This is an
intuitive result, because theoretically, little work addition is
required to effect a small degree of separation. In reality, how-
ever, the operation of a distillation column requires vaporiza-
tion in the reboiler, which does not necessarily contribute to
the separation process itself; indeed, a feed with an infinitesi-
mal amount of impurity requires effectively no work of separa-
tion, yet vaporization must still take place. This vaporization is
not proportional to the degree of impurity in the feed.

Thermodynamic Analysis: SVRC Scheme

A simple diagram of the SVRC scheme is given in Figure
1b. Vapor leaving the top of the column is compressed isen-
tropically, causing an increase in both pressure and temperature.
The purpose of the compression is two-fold: first, it elevates
the temperature of the overhead vapor to provide a driving
force for heat transfer to the bottom liquid; second, it elevates
the dew point of the overhead vapor, allowing its latent heat to
be used at a higher temperature. This overhead vapor stream—
the temperature of which exceeds that of the bottoms—is heat
exchanged with the liquid leaving the bottom of the column,
partially vaporizing the latter; in other words, the overhead
vapor stream uses its latent heat to vaporize the liquid, and in
the process, it itself condenses. This partially condensed stream
is then subcooled in the condenser to such a point that when its
pressure is dropped back down to the column pressure, it does
not vaporize (ideally, it should be a saturated liquid). Part of
this liquid stream is refluxed to the column, and the remainder
is drawn off as the distillate. Overall, energy is only added to
the compressor, and it is removed in the condenser.

Figure 4 shows a schematic representation of the mass and
energy flows in the SVRC configuration; it also provides
stream labels for the important streams. Table 2 gives the
relationship of 7, P, and phase for these streams, assuming
complete separation of the binary feed. To aid understanding
further, a qualitative pressure—enthalpy plot relating to the
process is given in Figure 5. Note that while Figure 1b does
not include a superheater prior to compression, Figure 4

compressor.“’&’64 This is discussed at greater length later in
this section.

Minimum theoretical energy input to effect separation
in SVRC (reversible model)

The use of the superheater may be necessary for some flu-
ids, but will be disregarded for the present, high-level analy-
sis, that is Qg =0W, as it is not a set feature of SVRC.
Using the same assumptions as before, the energy balance
around the system reduces to

Weomp = Qout ®

The compression is performed isentropically, which, by
definition, means that the compression step itself generates
no entropy. As in the case of the conventional distillation
model, heat is removed at the temperature of the process
stream inlet to the heat exchanger, which in this case is Tj.
Consequently, the entropy analysis (assuming reversibility) is

FAS‘mix — Qout

T, (10)

On substitution of Eq. 9 into Eq. 10, the following rela-
tionship is obtained

A W,
F ASmix = ;?;np

an

The left-hand side of Eq. 11 is fixed by the problem speci-
fication, but the value of T, is less obvious. Indeed, T4 can
be manipulated using different design parameters. To provide
a driving force for the heat exchange T, > Tgr; however, the
limit of operation occurs in a heat exchanger with infinite
heat exchange area, in which case 74 = Tr. The latter also
minimizes Weomp according to Eq. 11. Consequently, the fol-
lowing interpretation is used

does, because some saturated vapors condense on isentropic FASmix = Weomp (12)
compression, which must strictly be avoided in a Ty
Table 1. Binary Systems and Simple Constant Properties Used in High-Level Calculations

No. Light (1) Heavy (2) % ). (kJ/mol) ) (/mol-K) Te (K) Tx (K)

1 Propylene Propane 1.29 18.73 53.4 225.5 231.1

2 Acetonitrile Nitromethane 1.84 32.32 58.3 354.8 374.4

3 Benzene Toluene 2.47 31.98 104.9 353.3 383.8

4 n-Hexane n-Nonane 11.21 31.84 175.6 341.9 424.0

5 1-Propanal 1-Octanal 58.47 34.46 174.1 321.1 4473
AIChE Journal August 2013 Vol. 59, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 2981



Qsh

Figure 4. Schematic representation of the SVRC con-
figuration, with stream labels.

See Table 2 for stream information.

The minimum theoretical energy (and work) addition
using a perfect compressor, therefore, is given by

Wcomp, sep TRFASmix (13)

Weomp,sep = —FRTR Y _ Xp; Inx, (14)

Minimum practical energy input in SVRC

As with the conventional column, the mass balance and
minimum reflux ratio impose limitations on the minimum
energy that is practically required to operate the SVRC con-
figuration. In this section, an idealized SVRC model is
derived, but with the inclusion of fundamental mass balance
constraints that are inherent to the operation of distillation
columns.

An important point to take into consideration is that the
saturated vapors of some fluids become superheated on isen-
tropic compression, while others condense. The following cri-
terion can determine which of those two outcomes occurs®

é;(}l Tc < 7 (superheated) )
é;ﬁ Tc > A (partially condensed)

Table 2. Relationship of Temperature, Pressure, and Phase
in Streams in Figure 4, Assuming Complete Separation of
the Binary Feed

Stream T P Phase
1 Tc Py Saturated vapor
2 T>(>Tc) Py Superheated vapor
3 T5(>T,) Peomp Superheated or saturated vapor
4 T4(>Tr) Pomp Saturated vapor and liquid
5 Tc Pomp Subcooled liquid
6 Tc Py Saturated liquid
7 Tr Py Saturated liquid
8 Tr Py Saturated vapor and liquid
2982 DOI 10.1002/aic Published on behalf of the AIChE
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Figure 5. Qualitative pressure-enthalpy plot showing
the vapor recompression process relating to
Figure 4, and assuming minimum compres-
sor inlet superheating.

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

Besides the practical issue of liquid formation in the con-
denser, if some of the fluid condenses within the compressor,
the stream’s full latent heat is not available to perform the
reboil duty. If the fluid condenses, a superheater is used prior
to compression to avoid condensation. Figure 6 best illus-
trates the P-T behavior in these instances, and the applica-
tion of superheating. Minimum superheating results in a
saturated vapor at the compressor outlet.

In either case, the pressure must be raised to a point where
the condensing temperature is greater than Tg, or, in the
limit, equal to Tg. Because the minimum energy input is
sought in this section, this limit will be used.

If the saturated vapor superheats on compression, then, as
derived in Appendix A, the energy/work input in the com-
pressor is given by

AIG 1
Wcomp,min :FCI,JTC OCT] + Xp 1

A ( 11 ) {
exp| = l=—"=11|—
p CIG Tc Tr

Pl

(16)

The total energy (and work) input into the system in this
case is simply equal t0 Weomp, min -

If the saturated vapor condenses, then superheating is
required. The minimum energy input to the superheater is, as
shown in Appendix A

G (1
Osh,min =FC, (ﬁ + XF,l)
a7

T A ( 11 > T
exp | == =——=—) | —
REXP C‘;Gl TR TC C

After the superheater, compression takes place, the energy
input of which is given by the following

AIG 1
Wcomp.min :FC[,JTR OCTl + XE,1

A (1_1)
S \Ir Tc

p.l

(18)
1—exp
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Figure 6. Pressure-temperature behavior of a saturated
vapor that (a) superheats on compression
and (b) condenses on compression and
requires superheating.

Note that the isentropic compression curves assume
vapor compression; if this line enters the liquid region,
that assumption is incorrect, and some liquid is formed,

in which case, the true compression profile simply fol-
lows the saturation curve.

The derivation for Eq. 18 is given in Appendix A. In the
case of the saturated vapor condensing on compression, the total
energy input into the system is the sum of Egs. 17 and 18.

Comparison of theoretical and practical minimum
energy input

Using the above equations, it is possible to compare the
minimum theoretical energy input—Eq. 14—with the practi-
cal minimum, for the same systems as in Figure 3. For satu-
rated vapors that superheat on isentropic compression, the

Propylene-Propane Benzene-Toluene

minimum practical energy input is given by Eq. 16; for flu-
ids that condense, it is the sum of Eqs. 17 and 18. This com-
parison is shown in Figure 7, with the minimum
compression ratios indicated for each system.

Note that the range of the y axis is much smaller in Figure 7
than in Figure 3. This illustrates that SVRC is more energy-ef-
ficient in all of the examined systems, even when compressor
inlet superheating is required. (There is a cross-over point with
very wide-boiling systems, for which conventional distillation
is more efficient than SVRC; this is examined later.)

It is also noteworthy that the observed trend using SVRC
is the opposite of that in conventional columns: wider-boil-
ing mixtures require more energy to separate fully, and can-
not operate as close to the theoretical minimum as close-
boiling separations can.

Comparison of Work Inputs in Conventional and
SVRC Distillation

When comparing the same process with different parame-
ters, as has been done above, energy is a sufficient indicator
of efficiency. However, the comparison of work input into
different processes is more instructive than energy input, as
it correlates with actual resource consumption (coal, natural
gas, etc.), and takes the quality of heat into account. For
example, a process could require a large heat load that needs
to be supplied at ambient temperature, in which case that
energy is effectively “free”; a process with a smaller heat
load that requires heat at 800 K would need to consume
resources to obtain that high-quality heat.

The equations for work input can be deduced easily.

Minimum theoretical work input in conventional
distillation columns

ASmix = —R > xilnx; can be substituted into Eq. 7 and
the result rearranged to obtain the minimum theoretical work
input into a conventional distillation column

Tr—T
Win,sep = —FRTc (ﬁ)im Inxp; (19

Minimum practical work input in conventional
distillation columns

The practical minimum work input is found by substitut-
ing Eq. 8 into Eq. 1 to obtain

1 Ty
Winmin = FA| —— + 1——
" (0‘—1 XF’]) ( TR)

1-Propanal-1-Octanal

(20)

n-Hexane—n-Nonane

~ 13 ’
g |Bmoiy Pome _ 538 P _ 575 Pomo_ 3516 "
= Py Py Py - Po )
g "’ ‘f
E 1{’ }"
q"_ ”, ,,
@ . R ”; "
+ Theoretical Practical i = o r
; e Fad I’
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~ 0
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Figure 7. Comparison of minimum theoretical and minimum practical energy inputs to the standard vapor recom-
pression configuration for a sharp split as a function of mole fraction of the light component in the feed.

The minimum compression ratios are indicated.
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Minimum theoretical work input in SVRC

In the SVRC scheme, the energy and work inputs in the
compressor are equivalent. Therefore, the minimum theoreti-
cal work input into the SVRC—assuming no compressor
inlet superheating—is given by Eq. 14.

Minimum practical work input in SVRC

For the SVRC when no superheating is necessary, the
practical minimum work input is given by Eq. 16.

If compressor superheating is necessary, the virtual work
associated with the heat in the superheater is obtained by
substituting Eq. 17 into Eq. 1, noting that the heat is added
not at Tr but at T, (the expression for which is given in
Appendix A)

AIG 1
Wan,min = FC, (E +XF,1)

L1 1
Teexp | = (———) | -T.
REXP e (TR TC) ¢ @1
1 Ty ) 1 1
——exp | =5 |5 — =
Ykl)éﬁ Te Tr

In this case, the work input in the compressor is simply
Eq. 18, such that the total work input, when superheating is
required, is the sum of Eqgs. 21 and 18.

Using the above equations, plots of the minimum theoreti-
cal and practical work inputs for conventional and SVRC
distillation as a function of feed composition are made in
Figure 8. The same mixtures as in Figures 3 and 7 are used,
with the exception of the propylene—propane system, which
has normal boiling points below ambient temperature and,
thus, requires elevated pressures or a refrigeration system.

Figure 8 shows that the scale of work input into the two
configurations is much more comparable than that of energy
input. This can largely be attributed to the fact that the
energy input in a compressor is “pure” work, while only a
temperature-dependent fraction of heat input is virtual work,
in accordance with Eq. 1. The qualitative behavior of mini-
mum theoretical and practical work as a function of feed
composition is the same as with energy input. In systems
with small temperature differences between the distillate and
bottoms, the expected result is seen: SVRC is better than
conventional distillation. However, there is a cross-over
point, where the work input in the two cases is equivalent
(see, e.g., the n-hexane—n-nonane split, where the two con-
figurations are nearly the same). For wide-boiling mixtures,

Acetonitrile-Nitromethane Benzene-Toluene

such as 1-propanal-1-octanal, the SVRC is worse than con-
ventional distillation.

A quantitative description of this cross-over point is
derived in the next section.

Thermodynamic and Practical Synthesis Targets

For a fixed feed, FASyx is fixed, and is the same in the
conventional distillation case, Eq. 7, and in the SVRC case,
Eq. 12. Thus, FAS‘miX in the two cases can be equated to
obtain

(22)
Tc \Tr—To Tr

Win (TR_TC> _ Wcomp

To find the region where SVRC is better than conven-
tional distillation, a boundary must be defined where the
work input in the two «cases is the same, that is,
Win = Weomp. Applying this to Eq. 22 and rearranging the
result leads to the following equation

Tk

Te=_—R
C T 2TR—To

(23)

Equation 23 describes the relationship between Tr and T¢
where the work input into the conventional column and
SVRC configuration is the same, at a fundamental thermody-
namic level.

Figure 9 shows a plot that demarcates the region where
SVRC is more thermodynamically efficient than conven-
tional distillation as a function of the reboiler and condenser
temperatures (boiling points of the feed mixture’s constituent
components, in the sharp-split case).

Although this article focuses on SVRC, the same analysis
can be performed on the other configurations in Figure 1,
that is, heat-pump-assisted distillation with an external work-
ing fluid, and bottoms flashing. A brief analysis of these con-
figurations can be found in Appendix B.

Compression ratios

Despite the fact that the SVRC region in Figure 9 is quite
large, VRC is used relatively seldom. This can be explained
by the practical consideration mentioned earlier: large differ-
ences between T¢ and Tr require a large increase in temper-
ature in the compressor, which in turn translates to a high
compression ratio. Compressors with high compression ratios
are uneconomical and inefficient. Consequently, it is useful
to represent this practical limitation alongside the fundamen-
tal thermodynamic one.

n-Hexane-n-Nonane 1-Propanal-1-Octanal

15 >
Conventional =
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Figure 8. Comparison of minimum theoretical and minimum practical work inputs to the conventional and stand-
ard vapor recompression configurations for a sharp split as a function of mole fraction of the light

component in the feed.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 9. Plot of regions where vapor recompression is
thermodynamically more efficient than con-
ventional distillation as a function of T¢ and
Tr only.

Unfortunately, at lez}st four variables need to be specified
for a system: T¢, Tg, C IS and 4, yet not all four can be rep-
resented independently on a two-dimensional plot. One way
of overcoming this restriction is to use an approximation for

) in the form of the Trouton-Hildebrand—Everett rule,%%-%’

which gives good estimates for nonpolar hydrocarbons

A 404 (Te/K)

RTc (24)

It can be shown, as has been done in Appendix A, that the
minimum pressure ratio can be estimated using the following
equation

Pcom T
P_OP = exp ([4.0 +1n (Tc/K)] (1— T—E)) (25)

Equation 25 can be used to plot contours of specific
Pcomp /Po values in the Tc—Tg space. These have been
included in Figure 10. It is important to note that the practi-
cal compression ratios (say, Pcomp/Po < 3) are almost
entirely within the VRC region. The implication of this is
that in almost all cases where VRC can practically be
applied, that configuration is more efficient thermodynami-
cally than conventional distillation.

Need for superheating of compressor inlet

It is also useful to determine whether or not superheating
of the compressor inlet is required.
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Figure 10. Plot of regions where vapor recompression is thermodynamically more efficient than conventional distil-
lation as a function of T¢ and Ty, with overlays of minimum required compression ratios, and lines of
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The vapor enters the superheater at T¢ and is heated to T»,
the expression for which is available in Appendix A. No
superheating is required when T, =Tc. The equation for
zero superheating is derived in Appendix A; the result is
given here as

Te = Tuexp [ RI4E0F 10 (Tc/K) (E ~ 1) 06

~IG
Tr
p,1

For a specified value of C’;(}l /R, Eq. 26 can be solved
numerically to plot lines of zero superheating in the Tc—Tg
space, which have also been shown in Figure 10. This allows
for rapid assessment of whether or not the inclusion of a
superheater before the compressor is likely to be required, if
the CII,G of the overhead vapor is known.

Interpretation of Figure 10

To use Figure 10, the Tr —7T¢ coordinate is first located on
the chart. If this point is within the VRC region (see Figure
9), it means that SVRC will likely be more thermodynami-
cally efficient than conventional distillation for that system.
However, even if it is thermodynamically favorable, it does
not necessarily mean that SVRC can be practically imple-
mented. To address this issue, the Pcomp/Po ratio corre-
sponding to the Tr—T7c¢ coordinate is located on the
appropriate isobar on the chart. This value represents an esti-
mate of the minimum pressure ratio that is required in the
compressor; if this is lower than a practical maximum (around
3, as a guideline), then it is likely that the SVRC could be
implemented practically, and rigorous simulation should be
used to verify this estimate. Note that if the T —T¢ coordinate
is close to the Weomp = Wi, line, and the pressure ratio is rea-
sonable, rigorous simulation should be performed, as estimates
using Figure 10 are likely to be inconclusive in this case.

The above decision process is summarized in the flowchart
given in Figure 11.

Additionally, the Tg —T¢ coordinate will also have a C;f’, /R
value associated with it, which is located on the appropriate
dashed line. If the actual value of C;(_]l /R is lower than the
one corresponding to the Tr —7T¢ coordinate, the vapor super-
heats on isentropic compression; otherwise, it partially con-
denses, and a superheater is required before to the compressor
inlet. Although this is informative, it cannot provide informa-
tion about the exact amount of superheating required; as such,
it is not necessarily part of the decision-making process.

It should be reiterated that these are estimates only,
because a number of simplifications must be made to arrive
at this entirely graphical, generalized result. Consequently, it
is used to assess whether SVRC is likely to be better than
conventional distillation, and whether it could be imple-
mented, but the result is not definitive.

Rigorous Simulation and Validation

The usefulness of Figure 10 is tested here by means of a
number of examples, and validated using rigorous simulation
in AspenTech’s Aspen Plus. Figure 10 is intended only for
rough, high-level estimates due to its numerous simplifying
assumptions. The examples also serve to demonstrate how
the results using Figure 10 should be interpreted.

Note that the compression ratio lines and the zero super-
heating lines are most accurate close to the Tc =Tk line,
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Figure 11. Flowchart representing the decision-making
process with Figure 10.

because the constant properties assumed in the defining
equations lose accuracy over wide temperature ranges. Addi-
tionally, the use of Eq. 24 makes the results less reliable
when the light component is highly polar, for example, con-
tains H-bonds. The examples here include systems that do
not adhere to these restrictions.

The general connectivity of the simulated flow sheets is
given for the conventional case in Figure 12, and in Figure
13 for the SVRC. The nonrandom two-liquid (NRTL) activ-
ity coefficient model was used for the vapor-liquid equilib-
rium calculations. The column was modeled using the
RADFRAC block, and the compressor was modeled as com-
pletely isentropic.

For each example, the simulation settings are given in Ap-
pendix C.

CON1

Figure 12. Aspen Plus flow sheet for the rigorous simu-
lation of the conventional distillation column.
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Figure 13. Aspen Plus flow sheet for the rigorous simu-
lation of the standard vapor recompression
configuration.

Design methodology

It is important to note that the purpose of these simulations
was not to determine the optimal design, but rather to com-
pare a conventional column with the SVRC, both of which
have the same parameters (reflux ratio, product compositions,
number of stages, feed stage, etc.). The design methodology
for the Aspen Plus simulations was partially one of trial-and-
error, using starting estimates for some of the key parameters.

The conventional column was simulated first. Once the
feed and product compositions had been chosen, the Aspen
Plus shortcut distillation model, DSTWU, was used to esti-
mate the minimum reflux ratio r,;,. Thereafter, the reflux ra-
tio was chosen as r = 1.5 ry;, . Through simple mass balance,
using this reflux ratio and the desired product compositions,
the required split at SPL1, and the vapor fraction in REB1
(see Figure 12 for nomenclature) can be estimated. The col-
umn (C1) was simulated using the RADFRAC model, which
initially had 10 stages. The feed stage was found to have lit-
tle effect in these simulations, and was, thus, set to half-way
up the column in each case, thereby eliminating a degree of
freedom; had the optimal configuration been sought, greater
care would have been taken regarding the feed stage. The
simulation was run, and if—after some manual adjustment of
the SPL1 and REBI settings—the approximate product com-
positions were not achieved, the number of stages was
increased, and the process repeated.

Once the conventional column had been simulated success-
fully, the SVRC simulation (as shown in Figure 13) was set
up such that the RADFRAC column (C2) had exactly the
same specification as in the conventional case. Similarly, SPL2
had the same split fraction as SPL1, and the cold stream outlet
vapor fraction from HEX1 was the same as the vapor fraction
in REB1. These parameters ensured that the column internals,
and, thus, the product compositions, would be identical in both
configurations. The compression ratio in K1 and the super-
heating in SHI1 were estimated initially using a shortcut
method,65 and then adjusted simultaneously, until both were
at a (rough) minimum which allowed the SVRC system to
work, but resulted in no condensation in the compressor.

Example 1: 1-butene-n-butane

The normal boiling point of 1-butene is 266.91 K, and
that of n-butane is 272.65 K, both of which are below the
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assumed ambient temperature of 298.15 K. To avoid the use
of an external refrigeration system to remove heat at a sub-
ambient temperature, it is simpler to run the system at a
higher pressure, thereby raising the boiling points.

At a pressure of 400 kPa, 1-butene has a boiling point of
307.56 K, whereas n-butane has 315.09 K, both of which
can readily be serviced using steam and cooling water.
Consequently, the feed and column are set to this pressure.

The average C'II,G of 1-butene at these two temperatures is
88.73 J/mol-K.

First, the point at Tr =315.09K and Tc=307.56K is
located on Figure 10. This is well within the VRC zone,
indicating that VRC should be thermodynamically preferable
to conventional distillation for this split. The isobaric lines
indicate that the minimum compression ratio of a bit less
than 1.5—approximately 1.3—is required, which can be
readily achieved in a compressor, meaning that VRC should

be practically feasible. For this system, the value of C’;G /R
is 10.67. The point for this system lies between the zero

superheating lines for C‘;G/R of 9.6 and 9.8. Because the

actual é;G /R value of 10.67 is clearly higher than either of
these, it is expected that superheating of the compressor inlet
is required.

For the rigorous simulation, a feed of 1 kmol/h of a mix-
ture with 63 mol % 1-butene and 37 mol % n-butane was
sent into both columns, each with a reflux ratio of 14.38.
The lowest compression ratio that could be used in the com-
pressor successfully was 1.43, which was estimated reason-
ably well with Figure 10.

The simulation gave a distillate with xp = (0.9989,0.0011)
and a bottoms with xg = (0.0041, 0.9959).

For the conventional column, the only energy input is at
the reboiler, which was found to have a load of 52.754 kW.
From Eq. 1, the virtual work input associated with this heat
can be estimated at 2.830 kW.

The SVRC had a work/energy input in the compressor of
2.597 kW, and a heat input in the superheater of 2.880 kW.
The virtual work associated with the latter was estimated at
0.193 kW. The total energy input, therefore, was 5.477 kW,
and the total work input was 2.790 kW.

The energy requirements of the SVRC were approximately
10 times smaller than for the conventional distillation col-
umn, with slightly lower overall work input, the latter being
crudely approximated.

Example 2: hydrogen cyanide—acrylonitrile

There is a small region in Figure 10 where the compres-
sion ratio is practically implementable, but is in the region
expected to be thermodynamically unfavorable with VRC.
This example is intended to determine whether this is indeed
the case.

Hydrogen cyanide has a normal boiling point of 298.85 K,
whereas that of acrylonitrile is 350.50 K.

At this Tr —Tc¢ coordinate on Figure 10, the required com-
pression ratio is at least 4, which is relatively high, although
it may be possible to achieve the necessary compression in a
single-case compressor. As aforementioned, this system was
chosen to lie in the region where VRC is unfaY?Grable.

For hydrogen cyanide at its boiling point, C), /R =4.300.
The zero superheating line corresponding to the coordinate

for this system is at a value of approximately C‘[I,G /R =9.0;
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because the actual value is significantly lower, it is highly
unlikely that compressor inlet superheating is required.

The rigorous simulation was performed with a feed of 1
kmol/h having a composition of 71 mol % hydrogen cyanide
and the balance acrylonitrile. The entire system was isobaric at
100 kPa. The minimum compression ratio was found to be
6.42, which is not lower than the estimated minimum. More-
over, as estimated, compressor superheating was not necessary.

In both configurations, the reflux ratio was set to 0.46,
resulting in product compositions of xp = (0.9996,0.0004)
and xg = (0.0001,0.9999).

In the conventional column, the heat input was 8.140 kW
(associated virtual work input: 1.213 kW). The SVRC had
work/energy input of 1.649 kW. Consequently, although the
SVRC has lower energy requirements, its work input is
higher than the conventional column’s, as predicted with
Figure 10.

Example 3: 1-propanol-n-octane

This example deviates from three of the assumptions in
Figure 10: first, it is highly nonideal and contains an azeo-
trope; second, the overhead vapor includes an H-bond, such
that Eq. 24 is less accurate; and finally, the split is not sharp.

The normal boiling point of 1-propanol is 370.35 K, and
that of n-octane is 398.83 K. The azeotrope—as predicted
with NRTL—occurs at 74.37 mol % 1-propanol, and has a
temperature of 367.10 K.

A feed of 1 kmol/h of 23 mol % 1-propanol and the bal-
ance n-octane is to be separated into >70 mol % 1-propanol
in the distillate, and >90 mol % n-octane in the bottoms.
Prior to simulation, the exact temperatures of the distillate
and bottoms are unknown, such that some assumptions must
be made about these temperatures; it will be assumed that
the distillate is at the temperature of the azeotrope (367.10
K) and the bottoms is at the temperature of the heavy key
component (398.83 K).

Using this TR —T¢ coordinate on Figure 10, it is expected
that SVRC should be more thermodynamically efficient than
conventional distillation, and that the compression ratio
should be at least 2.5, approximately. The mole fraction-
weighted C;)G/R of the overhead vapor at 367.10 K is 15.97,
the zero superheating CIISI /R corresponding to the coordinate
for this system is 9.4. As the actual value is higher, it is
expected that superheating will be required.

The simulation was performed using a reflux ratio of
0.547 in both the SVRC configuration and the conventional
distillation. The resulting distillate had a composition of
xp = (0.7189,0.2811) and xg = (0.0088,0.9912).

In the conventional case, the heat input was 6.567 kW,
which has an associated work input of 1.585 kW.

In the SVRC case, as predicted with Figure 10, superheat-
ing was required. Because a fair amount of superheating is
required, and as the amount of superheating required is not in-
dependent of the compression ratio, the minimum compres-
sion ratio is not straightforward; indeed, an optimization could
be performed to minimize the work input. (Optimization is
not the objective here; all that needs to be shown is whether
or not the SVRC can be designed to have lower work input
than conventional distillation, as was estimated.) The super-
heater was set to heat the overhead vapor by 65 K; the corre-
sponding compression ratio could be no lower than 2.6.

The heat duty of the superheater was 1.266 kW, with an
associated virtual work input of 0.392 kW. The compressor
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had energy/work input of 0.471 kW. Thus, the total work
input was 0.863 kW, which is approximately half of the
work input in the conventional case.

The prediction with Figure 10 was again good, despite
departures from its inherent assumptions.

Example 4: multicomponent system

The final example deviates from the base assumptions by
having more than two components, and not performing a
sharp split. The feed in this problem is a quaternary mixture
of methanol, 2-propanol, 2,6,8-trimethyl-4-nonanone, 1-unde-
canal with a flow of 1 kmol/h, and composition xg = (0.13,
0.22,0.24,0.41).

A rigorous simulation of a conventional distillation
column with a reflux ratio of 0.429 resulted in a
distillate  of xp = (0.371,0.628,7.4 X 107%,2.3 X 107'?),
which  has temperature 34578 K, and bottoms
Xg = (6.7 X 1073,9.0 X 107*, 0.369,0.630) at temperature
497.64 K. The activity coefficients were modeled using
UNIFAC.

The heat load obtained from the simulation is 15.431 kW,
which has an associated virtual work input of 6.186 kW.

The question to be answered is whether this split would
benefit from a VRC system, and if such a system could real-
istically be implemented. On Figure 10, the relevant point
for this system is at T¢c =345.78 K and Tr =497.64K. At
this coordinate, the system is in the region where conven-
tional distillation is more efficient, such that no gains are
expected using VRC. Moreover, the minimum compression
ratio is estimated at higher than 20, meaning that practical
implementation is clearly not feasible.

A rigorous simulation of the SVRC was not possible with-
out excessive settings (several hundred degrees of superheat-
ing and compression ratios in excess of 100). A comparison
of work inputs in the two configurations was, thus, not possi-
ble; however, Figure 10 correctly identified that the mini-
mum compression ratio was much too high for practical
implementation of the SVRC scheme.

Conclusions

The rigorous simulation, and subsequent comparison, of
conventional distillation and SVRC can be a time-consuming
exercise; without knowing ahead of time if there is potential
benefit to SVRC, this effort may be wasted. It is useful for
the engineer to be able to gain insight into whether SVRC is
a realistic candidate for a given separation problem prior to
performing rigorous simulation. Previously, there were no
general guidelines or rapid estimation methods for determin-
ing the potential applicability of SVRC available in the open
scientific literature. The work in this article bridges this gap:
a novel, consolidated graphical process synthesis tool was
presented to estimate whether VRC is likely to be thermody-
namically favorable to conventional distillation, and if so,
whether it can be implemented practically. This tool requires
minimal information, namely distillate and bottoms tempera-
tures, and optionally the overhead vapor heat capacity. It is
entirely calculation-free, which makes it particularly useful
for first-pass estimates during conceptual design and process
synthesis.

A thermodynamic analysis and comparison were con-
ducted on conventional distillation columns and the SVRC
configuration. When considering only the energy inputs to
the systems, the energy requirements for VRC were found to
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be significantly lower with narrow-boiling mixtures, and
somewhat lower in much wider-boiling ones.

However, a more thermodynamically accurate comparison
using work flows—rather than simply energy flows—
revealed that the quality of heat has a marked impact on the
true efficiency of the two configurations. The thermodynamic
benefits of VRC were found to be less clear on this basis
than when comparing energy loads directly.

A very simple quantitative description of the region where
SVRC is thermodynamically favorable to conventional distil-
lation was given in Figure 9 as a function of distillate and
bottoms temperatures only. This chart serves as a general-
ized, graphical estimate of the region in which SVRC is
thermodynamically preferred.

This chart also provides additional insight: the SVRC
region is broad enough to include many systems which have
not had VRC applied to them in practice. The reason for this
breadth is that some key factors limit practical implementa-
tion of VRC, despite thermodynamic favorability. The most
significant of these is the required compressor pressure ratio,
which in practice should typically be less than about 3 or 4.
A less significant factor is the need for superheating of the
compressor to avoid condensation that many saturated vapors
undergo on compression.

To address the first of these concerns, an overlay of esti-
mated minimum compression ratio was added to Figure 9 to
produce Figure 10. This shows that the region where the
compression ratio is reasonable is almost entirely a subset of
the SVRC-preferred region, resulting in a relatively narrow
band on Figure 10. The implication of this is that in almost
all cases where the compression ratio is low enough to be
applied practically, VRC is thermodynamically favorable to
conventional distillation.

If the ideal gas heat capacity of the overhead vapor is
known, an estimate can be made as to whether compressor
inlet superheating is required. Lines of zero superheating for
various heat capacities are also overlaid on Figure 10 to esti-
mate whether or not a superheater before the compressor is
necessary to avoid condensation in the compressor.

The usefulness of the presented process synthesis tool was
tested using a number of examples, each of which extended
the application beyond the initial set of assumptions used in
deriving Figure 10. These examples were validated using rig-
orous simulation with Aspen Plus.

Although the key technical issues have been dealt with in
this article, one important practical consideration, which,
unfortunately, cannot be easily generalized, and which has,
thus, not been dealt with in this article, is the economic impact
of VRC on the total capital expenditure. Specifically, the com-
pressor tends to be an expensive piece of equipment, which
benefits from the economy of scale. Thus, once the technical
viability has been established, the economics surrounding its
implementation must be considered on a case-by-case basis;
these costs are harder to quantify in advance. However, as
energy costs continue to rise, the benefits of resource savings
will begin to outweigh the setbacks of higher capital costs.

Notation
Roman letters

B = bottoms flow rate, mol/s
C),; = specific heat capacity of component i, J/mol-K
D = distillate flow rate, mol/s

AIChE Journal August 2013 Vol. 59, No. 8

F = feed flow rate, mol/s
L = liquid flow rate, mol/s
P, = ambient pressure, 101 325 Pa

r=1L / D, reflux ratio
S = entropy, J/mol-K
Seen = entropy generation, W /K

T = temperature, K
To = ambient temperature, 298.15 K
T, = normal boiling point, K
V = vapor flow, mol/s
x; = liquid mole fraction of component i

Greek letters

o = relative volatility of light component with respect to
heavy component

AH nix = enthalpy of mixing, J/mol

A

Smix = entropy of mixing, J/mol-K
/.= latent heat/enthalpy of vaporization, J/mol

Subscripts and superscripts

B = relating to the bottoms stream

comp = relating to the compressor

D = relating to the distillate stream
F = relating to the feed stream

heavy = relating to the heavy key component

hex = relating to a heat exchanger
IG = ideal gas
L = liquid

light = relating to the light key component

min = minimum
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1
Vinin = F( +XF,1> (A3)
o—1

The minimum practical heat input at the reboiler can be
calculated as follows

Qin, min — j-Vmin (A4)

1
Oin,min = F7~< + XF,l) (AS)
s a—1 s

Minimum practical energy input in SVRC

The stream numbers used here are given in Figure 4.

The modifications that SVRC makes to the conventional
configuration are external to the column itself; for the same
split of the same feed, the internal specifications of the col-
umn can remain identical. Consequently, the SVRC has the
same minimum vapor flow as the conventional configuration,
given in Eq. A3.

The energy input into the compressor is found with an
energy balance

~IG
Wcomp‘ min — Vmin C[,‘l (TS 7T2) (A6)

The use of the superheater and the temperatures 7, and T3
depend on the fluid being compressed. The isentropic com-
pression of an ideal gas is given by

~1G
Peomp _ (T3 Coalf (A7)
Py 1>

If the saturated vapor superheats on compression, then
T, =T, =Tc. Assuming isentropic compression, and con-
stant /1 (to use the Clausius—Clapeyron equation), the mini-
mum 73 can easily be deduced

A 1 1
T3 =Teexp | == —— — (A8)
3 cexp C:;GI (Tc TR)

Consequently, the energy input into the system is given by
the compression of the vapor from 75 to T, only, as
Qs = 0W. Therefore, from Eqgs. A3, A6, and A8

AIG 1
Weomp, min = FCp,ch (E + xF,1>

A 1 1 1
ex — = — = -
p éIG TC TR

p.1

(A9)

The energy (and work) input into the system in this case
is simply equal to Weomp, min-

If the saturated vapor condenses, then 7} =T¢ and
T5 =Tg, while T, is given by

A 1 1
Ty =Tgexp | == (—— — (A10)
2 REXP C;Gl (TR TC)
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In this case, the energy input into the system is the sum of
Osh,min and Weomp min- The superheater’s duty, using Egs.
A3 and A10, is given by

~1G 1
Qsh,min = FCI,J (— + xF,1>

a—1
All
. /1<1 1) . (Al
exp| —==——— -
REXP C‘;Gl TR TC C

From Eqgs. A3, A6, and Al10, the energy input into the
compressor is

~IG 1
Weomp, min = FCNTR (ﬁ + xF,1>

j (1 - 1)
CIG TR TC

Pl

(A12)
1—exp

Compression ratio

If the overhead vapor is superheated on isentropic com-
pression, the process is expressed as follows

~IG
Pcomp _ 5 Cpa /R
Py Tc

The expression for T3 is given in Eq. AS8. Substituting
this, along with Eq. 24, into Eq. A13 ultimately gives

(A13)

P

com; T
P_OP =exp ([4.0 +1n(Tc/K)] <1— T_E)) (Al4)

If the overhead vapor condenses on isentropic compres-
sion, the relationship between compression ratio and temper-

ature is as follows
~IG
Pcomp _ & C')‘I/R
Py T,

T, is given in Eq. A10. Again, if this is substituted into
Eq. A15 and used along with Eq. 24, the compression ratio
can be calculated as follows

(A15)

P

com; T
P_OP = exp ([4.0+ln (TC/K)]<1—T—§)) (A16)

It should be no surprise that Eqs. A14 and A16 are identi-
cal; Figure 6 illustrates why the compression ratio must be
the same in both cases.

Zero superheating of compressor inlet

The vapor enters the superheater at ¢ and is heated to 75,
which is given in Eq. A10. No superheating is required
when T, = T¢. From Eq. A10, the following can be deduced

j <1_1>
O \Tr Tc

Pl

Tc = Trexp (A17)
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With the use of Eq. 24 in Eq. Al7, the following is
obtained

Tc = Trexp

R[4.0+ In (Tc/K)] (E _ 1) (A18)

~1G TR
pl

Appendix B: Heat Pumps with External Working
Fluid and Bottoms Flashing

Heat-pump-assisted distillation with an external working
fluid (Figure 1c) and bottoms flashing (Figure 1d) can both
be analyzed in the same way as SVRC, using the assump-
tions listed in the section “Simplifying Assumptions.” In
fact, both of these configurations reduce to the same prob-
lem, which is the same as SVRC, except with heat rejection
at Tc, and not Tgr. Energy is added in the compressor as
Weomp and rejected as Qo at Tc in the trim condensers.

As with SVRC, the energy balance simply reduces to
Wcomp = Qout .

To assess the best theoretical performance, the systems
are assumed to be reversible, such that Sge, =0W /K. Simi-
larly to Eq. 12, the entropy analysis then reduces to

Wcomp
Tc

FAS pmix = (B1)
If, as was done with SVRC, Eq. 7 is equated to Eq. BI,

the following result is obtained

Tr—Tc

M = "° (B2)
W, TrR—To

The implication of this result is that these two configura-
tions are always better than conventional distillation when the
condenser temperature is higher than ambient temperature. (If
it is subambient, then a heat pump is required to remove the
energy from the column, and the analysis changes.) Therefore,
it would appear that only practical issues, not fundamental
thermodynamic ones, prevent the widespread implementation
of these configurations.

Appendix C: Aspen Plus Simulation Settings

Example 1

The feeds in either case (F1 and F2) are at their bubble
point, at a pressure of 400 kPa, with a total flow of 1 kmol/
h, and a composition of 0.63 1-butene and 0.37 n-butane.

C1 and C2 are identical: they have no reboiler or con-
denser in the RADFRAC block (these are external). They
have 100 stages, with feeds (F1 or F2, respectively) being
fed on stage 50. RFL1 and RFL2 are added back on stage 1,
and VB1 and VB2 are added on stage 100. The column is
isobaric at 400 kPa.

CON1 has zero pressure drop, and cools the stream to its
bubble point.

V1 and V2 have zero pressure drop and zero heat duty.

SH1 is set to effect a 12 K temperature increase, with no
pressure drop.

K1 has isentropic and mechanical efficiencies of 100%,
and a pressure ratio of 1.43.

SPL1 and SPL2 send fractionally 0.9350 of LT1 and LB6
to RFL1 and RFL2, respectively. This results in a reflux ra-
tio of 14.38 in both cases.

REBI is set to heat LB1 to a vapor fraction of 0.9625.
Similarly, HEX 1 has its cold outlet stream vapor fraction
set to 0.9625, and a minimum approach temperature of 5 K.

SC1 has a heat duty of —5442.8014 W.

PV1 reduces the pressure back to 400 kPa.

Example 2

The following settings were used in the simulation

F1/F2: 1 kmol/h; 100 kPa; bubble point temperature; com-
position: 0.71 hydrogen cyanide, 0.29 acrylonitrile.

C1/C2: 20 stages; no condenser; no reboiler; RFL1/RFL2
on stage 1; F1/F2 on stage 10; VB1/VB2 on stage 20; 100
kPa condenser pressure.

CONI1: zero pressure drop; bubble point.

V1/V2: zero pressure drop; zero heat duty.

SH1: zero pressure drop; zero heat duty.

K1: pressure ratio 6.42; 100% isentropic and mechanical
efficiency.

SPL1/SPL2: fractionally 0.3165 of LT1/LB6 sent to
RFL1/RFL2.

REBI1: zero pressure drop; vapor fraction 0.765.

HEXT1: cold stream outlet vapor fraction 0.765; 5 K mini-
mum temperature approach.

SCI1: zero pressure drop; heat duty —1287.8069W.

PV1: 100 kPa outlet pressure.

Example 3

The following settings were used in the simulation

F1/F2: 1 kmol/h; 100 kPa; bubble point temperature; com-
position: 0.23 1-propanol, 0.77 n-octane.

C1/C2: 6 stages; no condenser; no reboiler; RFL1/RFL2
on stage 1; F1/F2 on stage 3; VB1/VB2 on stage 6; 100 kPa
condenser pressure.

CON1: zero pressure drop; bubble point.

V1/V2: zero pressure drop; zero heat duty.

SHI: zero pressure drop; 65 K temperature change.

K1: pressure ratio 2.6; 100% isentropic and mechanical
efficiency.

SPL1/SPL2: fractionally 0.3536 of LTI1/LB6 sent to
RFL1/RFL2.

REB1: zero pressure drop; vapor fraction 0.43.

HEX1: cold stream outlet vapor fraction 0.43; 5 K mini-
mum temperature approach.

SC1: zero pressure drop; heat duty —513.51014W.

PV1: 100 kPa outlet pressure.

Example 4

The following settings were used in the simulation

F1: 1 kmol/h; 100 kPa; bubble point temperature; compo-
sition: 0.13 methanol, 0.22 2-propanol, 0.24 2,6,8-trimethyl-
4-nonanone, 0.41 1-undecanal.

C1: 10 stages; no condenser; no reboiler; RFL1 on stage 1;
F1 on stage 5; VB1 on stage 10; 100 kPa condenser pressure.

CONI1: zero pressure drop; bubble point.

V1: zero pressure drop; zero heat duty.

SPL1: fractionally 0.3 of LT1 sent to RFLI.

REBI1: zero pressure drop; vapor fraction 0.5.
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