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Abstract:

Heat and mass integration to consolidate distillation columns in a configuration is often
characterized by elimination of a reboiler and condenser associated with the same components.
Here, we study a new and more general approach to column-consolidation, of which the
conventional approach is a special case. In the new approach, reboiler of a column is coupled

with condenser of another, through heat and mass integration in an additional section (HMA-



section). The introduction of an HMA-section eliminates multiple connecting streams/valves,
reduces the number of reboilers, condensers, and distillation columns by one each, and reduces
the heat duty of the configuration. We exhaustively enumerate HMA-sections, and lay out a
framework to identify all configurations with HMA-sections. Through examples, we show that
both heat integration and mass integration resulting from introducing an HMA-section contribute

to reduce the heat duty significantly.

Introduction

Industrially, a sequence of distillation columns is generally used to separate a
multicomponent feed mixture. This sequence of distillation columns, arranged so as to perform
designated separation tasks form a distillation configuration. Figure 1(a) shows one such three-
column distillation configuration for separating a three component feed mixture. In this figure
and in all the figures that follow, unfilled circles denote reboilers and filled circles denote
condensers. Pure components are denoted by alphabets A, B, C, D and so on, with volatilities
decreasing in the same order. Streams containing two or more components are termed
submixtures. For example, AB and BC are submixtures in the configuration of Figure 1(a).
Submixture AB is named so because the top product stream of the first distillation column is
meant to contain only A and B in significant quantities, with contamination by C in acceptably
small amount. However, in real operation, as also will be seen in some of the simulations
presented in this work, the extent of such contamination in any submixture/product stream may

be significant depending on the operational and design specifications of the distillation column.

There are two aspects to the overall cost of a distillation configuration — the operating cost

and the capital cost. The operating cost of a distillation configuration is directly related to the



sum total of heat input at all the reboilers while the capital cost of a configuration is dependent
on the number of distillation columns, reboilers, condensers, and transfer streams the
configuration utilizes. Much of the research in distillation aims to reduce the operating and/or
capital costs of a configuration. One avenue to achieve this reduction is heat and mass integration

of distillation columns. We explain this technique in more detail below.

Figure 1 illustrates one of the earliest cases of heat and mass integration between distillation
columns producing the same pure product streams.® In Figure 1(a), pure product B is produced
from two locations of the configuration; the reboiler of distillation column 2 and the condenser
of distillation column 3. This reboiler and condenser are eliminated, and the two distillation
columns are heat and mass integrated, to obtain the Column 2-3 of the configuration in Figure
1(b). A single product stream B is withdrawn from the resulting distillation column. The
configuration of Figure 1(b) utilizes one less distillation column, reboiler, condenser and
produces one less product stream than the configuration in Figure 1(a). Also, the vapor generated
in the reboiler of Column 2-3 (see Figure 1(b)) is utilized for both splits, BC -> B\C and AB ->
A\B. Thus, the vapor generated at the reboilers of Columns 2 and 3 of Figure 1(a) is replaced by
the greater of the two vapors and is now generated at the reboiler of Column 2-3 in Figure 1(b).
The resulting capital and operating cost reduction achieved from heat and mass integration

makes this approach attractive for industrial application.

However, heat and mass integration of distillation columns is not limited to eliminating
reboilers and condensers associated with the same final product streams. Figure 2 shows an
example of heat and mass integration between distillation columns producing submixtures with
the same components from the stripping and rectifying sections. Observe the configuration of

Figure 2(a). From this configuration, the reboiler and condenser associated with the two BC
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submixtures are eliminated, and the two distillation columns are heat and mass integrated, to
obtain the Column 2-3 of the configuration in Figure 2(b). One stream containing both
components B and C is withdrawn from the resulting distillation column. Also, note that due to
heat and mass integration, Column 5 in the configuration of Figure 2(a) is eliminated. Heat and
mass integration resulting of this kind has been commonly used in the literature to synthesize

configurations,>*! and we will refer to it as conventional heat and mass integration.

Another example of heat and mass integration, due to Brugma,'2 is shown in Figure 3(b). In
the configuration of Figure 3(a), the bottom product B, of the second distillation column, is more
volatile than the top product C, of the third distillation column. With the introduction of an
additional section, the vapor from the third distillation column, which is rich in component C, is
used as boilup for the second distillation column. This eliminates the reboiler associated with
product stream B. Likewise, the liquid from the second distillation column, which is rich in
component B, is used as reflux for the third distillation column. This eliminates the condenser
associated with product stream C. The product streams associated with the eliminated reboiler
and condenser have different components, leading to two separate streams being withdrawn from
the consolidated distillation column with an intermediate section between the two streams,
shown in Figure 3(b) by a dotted box. The intermediate section is provided with sufficient stages,
so that mass exchange takes place between the entering C-rich vapor at the bottom and B-rich
liquid at the top to get B-rich vapor and C-rich liquid leaving the section. The two-column
Brugma configuration®? can be thus obtained from the configuration in Figure 3(a). Furthermore,
its dividing wall column implementation,* shown in Figure 3(c), can be derived from the
Brugma configuration after introducing thermal couplings at submixtures AB and CD,** and

incorporating the two columns into a single shell. Note that the heat duty savings achieved in the



Brugma configuration over the configuration shown in Figure 3(a) can also be achieved by heat

integration.>1¢

The heat and mass integration in the Brugma configuration differs in nature from
conventional heat and mass integration discussed earlier, due to the appearance of an additional
section in Column 2-3 of Figure 3(b). The additional section appears because the product streams
participating in the heat and mass integration are comprised of different components. In this
paper, we refer to this kind of heat and mass integration as Heat and Mass integration link with
an Additional section, and, in short, as HMA. HMA has received little attention in the literature.
Fidkowski’ briefly mentions about the possibility of HMA between submixtures containing
different components, but never considers it relevant for his enumeration/evaluation. Shenvi et
al.l” establish the relevance of HMA, and explore opportunities to introduce HMA between
distillation columns of previously known distillation configurations. Madenoor Ramapriya et
al.'® identify more such opportunities. In this paper, we introduce a systematic method to identify
all HMAs for n-component distillation, which facilitates exploration of the configurations that
use HMA. As an example, we explicitly show all HMAs that can arise in up to six-component
distillation. Furthermore, the paper aims to clarify the operational and mass integration aspects of

any HMA, so that maximum benefits from this kind of heat and mass integration may be derived.

Heat and mass integration link with an additional section (HMA)

Figure 4(a) depicts the HMA of the Brugma configuration. The additional section, denoted
in the figure by a dotted box, will be referred to as the HMA-section, and the column with such a
section, an HMA-column. For convenience, the stream associated with the eliminated reboiler

(for instance, stream B in Figure 4(a)) will be referred to as the top stream of the HMA, and the



stream associated with the eliminated condenser (for instance, stream C in Figure 4(a)) will be
referred to as the bottom stream of the HMA. The top and bottom streams of an HMA offer the

HMA-column additional operational degrees of freedom.

We propose that, in general, an HMA can be introduced between any two distillation
columns if the bubble point temperature of the liquid stream exiting the eliminated condenser is
higher than the dew point temperature of the vapor stream exiting the eliminated reboiler. This
generally means that the ratio of mole fractions of each component in the reboiler stream relative
to that in the condenser stream decreases with decreasing volatility of the components. Usually,
the reboiler stream does not have a component that is heavier than the heaviest component in the
condenser stream, and likewise, the condenser stream does not have a component that is more
volatile than the most volatile component present in the reboiler stream. With such a condition,

the more volatile stream is always withdrawn above the less volatile stream from an HMA.

Generalized Class of HMASs

In order to present the general class of HMAs, we divide the HMAs into categories based
on the number of components that are common between the top and bottom streams of the HMA.
For the HMA of Figure 4(a), with B and C as top and bottom streams, there are no overlapping
components. Hence, such an HMA is called an ‘HMA with no-overlap’. The categories of no-
overlap, one-overlap, two-overlaps, etc., are further sub-categorized based on the number of
components that make up the top and bottom streams of the HMA. Thus, the HMA of Figure
4(a), with a single component in each of its top and bottom streams, is an example of a ‘single-
single HMA with no-overlap’, while the HMA of Figure 4(b), with one component in the top

stream and two in the bottom stream, is an example of a ‘single-binary HMA with no-overlap’.



Figures 4, 5, 6, 7 and 8, respectively show the various sub-categories of HMAs with no-overlap,
one-overlap, two-overlaps, three-overlaps, and four-overlaps (no stream in these figures contains
more than four components). For n-component distillation (n>3), in all, there are exactly (n*-
13n+12)/6 unique sub-categories of HMASs. A derivation of this number is provided in Appendix

A. Specifically, under the k-overlap case, the number of sub-categories of HMAs is given by:

(n—2)(n—3)/2 k=0
(n—k)(r;—k—l)_1 =1
(n_k)(g_k_l) 2<k<n

For example, for six-component distillation, there are 25 possible sub-categories: 6 under no-
overlap case {Figures 4(a), (b), (c), (e), (f), ()}; 9 under one-overlap case {Figures 5(a), (b), (c),
(d), (e), (f), (h), (i), (m)}; 6 under two-overlap case {Figures 6(a), (b), (c), (d), (e), (g)}; 3 under
three-overlap case {Figures 7(a), (b), (c)}; and 1 under four-overlap case {Figure8}. Any HMA

drawn for six-component distillation falls into one of these sub-categories.

Observe in Figures 6(a), 7(a) and 8, we show HMAs that have same components in the top
and bottom streams of the HMA.*® If the composition of the vapor entering at the bottom of the
HMA-section is in equilibrium with the liquid entering from the top, then, the HMA is not
required, and columns are consolidated using conventional heat and mass integration, as was
demonstrated in Figure 1. For this reason, the conventional heat and mass integration can be
considered a special case of the proposed HMA. On the other hand, the proposed HMAs in
Figures 6(a), 7(a) and 8 allow for the possibility of withdrawing streams at different
compositions. Thus, in Figure 6(a), BC from the top is considered to have more lighter

component (B) than the bottom BC stream, and vice-versa for the heavier component (C). Note



that in Figure 5, we do not show an HMA with B at the top and another B at the bottom; the
reason being that we assume that a final product stream is produced at a single purity. If two B
product streams, each at different purity, were to be produced, then, an HMA could be used

between them.

Also note that the components used in any HMA of Figures 4, 5, 6, 7 and 8 are only
representative. For instance, Figure 4(a) showing a B-C HMA represents all feasible ‘single-
single HMAs with no-overlap’, and includes, for example, the B-D, C-D, C-E, etc. HMAs.
Similarly, the ‘single-binary B-CD HMA with no-overlap’ of Figure 4(b) includes, for example,

the B-DE, B-EF, C-DE, C-EF, etc. HMAs. When this multiplicity of components is accounted

n(n-1)?(n-2) _

for, the exhaustive space comprises of 5

(n —2) HMAs for an n-component

distillation. See Appendix B for a derivation. Thus, the 25 sub-categories for six-component

distillation actually includes 46 feasible HMAs.
On the Synthesis of Distillation Configurations with HMAs

Once a complete set of feasible HMAs are known, all possible n-component configurations
can be drawn by incorporating them in a synthesis method for multicomponent distillation
configurations. Shah and Agrawal*®!! proposed a six-step method to synthesize multicomponent
distillation configurations that result from conventional heat and mass integration. We use the
method proposed by Shah and Agrawal'®! as an example to highlight the characteristics of any

synthesis method that would synthesize distillation configurations with HMAs.

Figure 9(a) shows an example intermediate flowsheet that is obtained at the end of Step 5 of
Shah and Agrawal’s six-step method. In the final Step 6, distillation columns 4 and 5, the bottom

and top products respectively of which are pure C, are consolidated into a single column to
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obtain the configuration of Figure 9(b). This is the only four-column distillation configuration
that the method synthesizes from the flowsheet of Figure 9(a). The method, as published, does
not consider consolidation of columns using HMA. We can modify Step 6 of the method to
allow for column consolidations using HMA. For the configuration in Figure 9(a), we observe
that there are three possible HMAs: ‘binary-single HMA BC-C with one-overlap’ (Figure 5(d)),
‘single-binary HMA C-CD with one-overlap’ (Figure 5(a)) and ‘binary-binary HMA BC-CD
with one-overlap’ (Figure 5(e)). If we further consider the consolidation of C-producing columns
4 and 5 as another option, then there are a total of six possible ways to consolidate all the
columns as shown in Figures 9(b) and 10. Four configurations in Figures 10(a), 10(b), 10(c) and
9(b) result from single consolidations, while configurations in Figures 10(d) and (e) result from
two consolidations at a time. Note that a configuration such as the one in Figure 10(c) is rarely of
interest as columns producing same product streams are generally consolidated, resulting in the
corresponding configuration of Figure 10(d). Therefore, in this case, we actually have five
distinct configurations: one that has been known (Figure 9(b)), and four new ones with HMAs

(Figures 10(a), (b), (d) and (e)).

An important observation to be made is that the configurations of Figures 10(a), 10(b) and
10(e) would have escaped our synthesis if we had looked for opportunities to introduce HMAS
between distillation columns of the known/synthesized configuration of Figure 9(b). This clearly
demonstrates the peril of looking for HMAs in the (n-1)-column basic configurations. Thus, as
demonstrated here, once all feasible splits have been identified after Step 5 of Shah and
Agrawal’s method, and before any column consolidation is done, one must identify all feasible
HMA-sections, and then create configurations containing all possible combinations of these

sections. Such an exercise becomes an integral part of Step 6 of the method. Using this



procedure, we have identified a total of eleven configurations with less than or equal to three
columns for four-component distillation (Figure 11; the ones which use more than three columns
are omitted here for brevity). Of all the configurations in Figure 11, the one in 11(a) has been
known for a while!?. In the earlier synthesis method, for Figures 11(b), (c), (d) and (e), BCrop
was assumed to be equal to BCgor resulting in the corresponding configurations with no HMA.
However, to our knowledge, Figures 11(f) through (K) are entirely new in the literature. For an n-
component feed in general, the introduced framework creates a much expanded search space of
distillation configurations containing not only configurations with (n-1) columns, but also those

with less than (n-1) columns which have the ability to produce pure products.

Operational Aspects of the HMA-sections

To understand the functioning of an HMA-section, we will study one representative HMA
from each category of Figures 4, 5, 6 and 7. The distillation columns used for the study,
containing the representative HMAsS, are shown in Figure 12. The distillation columns of Figures
12(a), 12(b), 12(c) and 12(d), respectively contain the HMAs shown in Figures 4(f), 5(e), 6(¢)
and 7(d). The numbers inside the distillation columns denote the number of stages that are used
in a particular section for all the simulations of the distillation columns in ASPEN Plus®. Stages
are provided in excess in each of these sections. The number of stages that are used in any HMA-
section of Figure 12 is denoted by N. All simulations use the stage-by-stage distillation model

RADFRAC in ASPEN Plus®.

The feeds are ideal mixtures of any of the components A, B, C, D, E, F and G. Relative
volatilities between all components are 2.5 unless specified. In all our simulations in this

section, all component flows in each of the two feed streams are set to 25 kmol/hr. Thus for
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component overlap cases in particular, each overlapping component has a flow rate of 25
kmol/hr in each feed stream. The top feed stream to all distillation columns is saturated vapor
while the bottom feed stream is saturated liquid. All the streams leaving the column are assumed

to be in the liquid phase.

Each of these distillation columns is assigned two splits. In the top split of each distillation
column, the most volatile component is separated from the top feed mixture. Likewise, in the
bottom split of each distillation column, the least volatile component is separated from the
bottom feed mixture. The distillation columns are simulated for different boil-up ratios (BR) in
their reboilers (defined as the ratio of the vapor molar flow rate to bottom product molar flow
rate). The lower limit of this boil-up ratio is the value at which one of the two splits in the
distillation column only just fails (that is, when either the most volatile component from the top
feed (component A) just appears in the top stream of the HMA-section, or, when the least volatile
component from the bottom feed just appears in the bottom stream of the HMA-section). This
boil-up ratio will be referred to as the minimum boil-up ratio of the column. Furthermore, for
preliminary studies, the flowrate in the top and bottom streams of HMA-sections of Figure 12 is
maintained the same as prior to the introduction of an HMA. This makes the HMA-section a no-
net mass flow section. Such an operation will potentially make it possible for the top and bottom
streams of the HMA-section to retain the same composition as before the introduction of the

HMA-section.

Due to space constraints, not all simulation results are presented here. Instead, only the

main observations about the respective HMAs are presented below.

HMA with No-Overlap
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The components in the top and bottom streams of an ‘HMA with no-overlap’ are mixed in the
HMA-section. An adequate number of stages in the HMA-section is generally sufficient to
prevent the components in the top and bottom streams from contaminating each other. An
additional expenditure of energy is not required to separate the components which are mixed in
the HMA-section. This is mostly possible in ‘HMAs with no-overlap’ because the most volatile
component in the bottom stream of the HMA, which has the highest tendency to move up and
contaminate the top stream of the HMA, is less volatile than the least volatile component in the
top stream of the HMA.

Among the components that are mixed in the HMA-section, the separation of the least volatile
component in the top stream from the most volatile component in the bottom stream of the HMA
is the critical separation. As an example, for Figure 12(a), the separation of component C from D
in the HMA-section is most critical. So, the relative volatility between these two components, to
a great extent, decides the number of stages needed in the HMA-section to keep each stream free
from contaminating-components of the other stream. For the feed composition in our example,
with N=25, the contamination of the top and bottom streams is insignificant for relative
volatilities given by {agc, acp, ape} = {2.5, 2.5, 2.5}, {1.1, 2.5, 2.5}, {2.5, 2.5, 1.1} and {1.1,
2.5, 1.1}, while for {2.5, 1.1, 2.5}, as shown in Table 1(a), it is significant. This table and the
tables to follow show the net component-flows in the HMA-section for the components
participating in the HMA. A positive quantity implies net movement of a component up the
section and appearance in the top stream of the HMA, while a negative quantity implies the
opposite. From the simulations, the minimum boil-up ratio for the column is observed to be 3.4.
The bottom split of the column (DEF->DE\F) decides the minimum boil-up ratio of the column.

This is also the case for every subsequent simulation in this section where the minimum boil-up
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ratio is listed. Further, from Table 1(b), it is observed that the net component flows in the HMA-
section are significantly reduced when N is increased to 150 for the same boil-up ratios.

The mixing tendencies between the two streams of an ‘HMA with no-overlap’ are higher at
larger boil-ups in the distillation column. This trend can be observed in Tables 1(a) and 1(b). It
would thus be appropriate to operate columns containing ‘HMAs with no-overlap’ close to the

minimum boil-up (or reflux) ratio.
HMA with One-Overlap

Sufficient stages in the HMA-section of an ‘HMA with one-overlap’ ensure that the same
composition is retained in the two streams of the HMA as before the introduction of the HMA-
section. This is because, in such HMAs, the most volatile component in the bottom stream of the
HMA, which has the highest tendency to move up the HMA-section, is the same as the least
volatile component in the top stream of the HMA, which has the highest tendency to move down
the HMA-section.

At any given boil-up (no less than the minimum boil-up) in a distillation column that contains an
‘HMA with one-overlap’, the direction of net movement of the overlapping component in the
HMA-section can be controlled by altering the flowrates of the top and bottom streams of the
HMA. This phenomenon is observed in Table 2, which presents the results of simulating the
distillation column of Figure 12(b). In the simulation, flowrates of submixture streams, BC and
CD, are varied for {agc, acp} = {1.1, 1.1} and N=150, at BR=4. The chosen boil-up ratio is
slightly higher than the minimum boil-up ratio of 3.3. The net movement of only the overlapping
component in the HMA-section in either direction signifies the separation of the overlapping

component from its neighboring components in the submixture it was originally present in. Note
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that the relative volatilities chosen correspond to a difficult-separation scenario. If either relative
volatility, agc or acp, is greater than 1.1, then the movement of the overlapping component in
the HMA-section is more pronounced (because it is easier for the overlapping component to
separate from the neighboring component). This would translate to observance of the described
phenomenon over a wider range of flow rates in the top and bottom streams of the HMA. Since
agc and a.p are chosen to be 1.1, N=150 is used to keep B from contaminating CD, and D from
contaminating BC. For higher relative volatility combinations, much fewer stages would be
needed. This observation suggests that there is a need to optimize the relative flow rates of
streams BC and CD to minimize the total heat duty of the entire configuration (see next section

for more details).

HMA with Two or More Overlaps

It seems impossible to preserve the composition of two streams which have two or more
components in common, after an HMA is introduced between them. This is because, in such
HMAs, the most volatile component in the bottom stream of the HMA is more volatile than the
least volatile component in the top stream of the HMA. Attempts to retain the total molar flow
rates of the two streams to be same after the introduction of an HMA result in countercurrent
flows of the overlapping components in the HMA-section. This phenomenon of countercurrent
flows can be observed from Table 3(a) (+ve C and -ve D). The table presents the results of
simulating the HMA-section of the distillation column in Figure 12(c) as a no-net mass flow
section, with N=150, for {agc, acp, ape} = {1.1, 1.1, 1.1}. Even though sufficiently large

number of stages is present, the countercurrent flows remain.
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It is interesting to note that, for any given boil-up (no less than minimum boil-up) in a distillation
column that contains an ‘HMA with two or more overlaps’, the direction of movement of the
overlapping components in the HMA-section can be controlled by using the relative flow rates of
the top and bottom streams of the HMA. Table 3(b) presents the results of simulating the
distillation column of Figure 12(c) at BR=5 (just above the minimum BR of 4.46), with
{agc, acp, ape} = {1.1, 1.1, 1.1} and N=150, for various flow rates of the top and bottom
streams of the HMA. It follows from observations listed in the table that every feasible
combination of directions of the overlapping components is achieved in different ranges of flow
rates of the top and bottom streams of the HMA. Note that the used relative volatilities are small,
and hence separations are difficult. If any relative volatility, ag. or acp Or apg, is greater than
1.1, the described phenomenon is more pronounced. In such a case, ranges of flow rates of the
top and bottom streams become wider. Since the flow rates of the overlapping components can
influence downstream distillation and the overall heat duty of the entire configuration, these may

be optimized to yield energy savings.

Energy Saving Potential of HMAs

In this section, we demonstrate the energy saving potential of HMAs in multicomponent
distillations. We compare the energy requirements of conventional configurations with those that
result from connecting the distillation columns of these configurations with HMAs. We optimize
the distillation configurations using ASPEN Plus® for minimum total reboiler duty requirement
assuming constant latent heats of vaporization and relative volatilities between pure components.
The stage-by-stage distillation model RADFRAC in ASPEN Plus® is used. Sufficient stages are
included in each section to make the results insensitive to the feed and sidestream tray locations.

The main n-component feed to the overall configuration is an ideal saturated liquid feed mixture

15



of any of components A, B, C, D, E, and F. Each component flow in the feed is set to 25
kmol/hr. All submixtures and products are withdrawn in the liquid phase. Pure products of molar

purities greater than 99.9% are desired.

The initial guesses to ASPEN Plus® optimization of the conventional configurations are
obtained from the Global Minimization Algorithm (GMA)'® to ensure reliable and quick
convergence. The GMA uses the Underwood’s equations®® to determine the minimum total

vapor requirement of a configuration.

HMA with No-Overlap

The configuration of Figure 13(a) is optimized for {a45, @gc, Acp, Ape, agr} = {2.5, 1.5,
1.5, 1.5, 1.5} and the vapor duty requirement in the reboiler of each column is shown in Figure
13(a). From this flowsheet, there are four possible HMAs leading to six different combinations.
The six combinations are listed in Table 4 along with their heat duty savings. The configurations
are labeled by the columns that have been combined through the use of corresponding HMA-
sections. The vapor requirement in the reboiler of the HMA-column is the larger of the two
vapor requirements at the reboilers of the columns which are combined. Thus, when columns 2-3
and 4-5, as shown in Figure 13(b), are combined, the highest heat duty saving of 30% is achieved
because the combined columns have ‘close-valued’ heat duties. Furthermore, due to HMAS, the
number of distillation columns has reduced to three, accompanied by a reduction in reboilers and
condensers. In this case, the heat duty is saved without using an additional higher temperature
heat source, albeit the cold utilities at condensers AB and A have increased. Nevertheless, by
using an intermediate condenser at D, as shown in Figure 13(b), it is possible to condense more

than half of the vapor supplied at E, thereby reducing the load on the condenser at A.

16



HMA with One-Overlap

The configuration of Figure 9(b) is optimized for two feed conditions, F1 and F2, for which
{5, apc, acp, apg} are set to {2.5, 2.5, 1.5, 1.5} and {1.5, 1.5, 2.5, 2.5} respectively. The
flowrates of ABC and CDE are obtained by optimizing for each feed condition separately. These
flowrates are then used to feed Column 2-3 of the configuration in Figure 10(d). The vapor duty
requirement in the reboiler of Column 2-3 of Figure 10(d) is assigned the larger of the two vapor
requirements at reboilers of Columns 2 and 3 of Figure 9(b). The remainder of the configuration
in Figure 10(d) is optimized for heat duty. It is found that for F1 (resp. F2), the configuration in
Figure 10(d) requires a total vapor duty that is 22.2% (resp. 21.7%) less than the configuration in
Figure 9(b). However, the heat duty shared between the two splits, ABC->A\BC and CDE-
>CD\E using an HMA, accounts only for 64.1% (resp. 84.4%) of the total vapor duty saving.
The rest of the saving results from mass integration capabilities of an HMA, which we detail

below.

The Column 4-5 of Figure 9(b) performs two splits, BC->B\C and CD->C\D. For feed F1,
among the two splits, split CD->C\D is more difficult, and controls the vapor requirement in the
reboiler of Column 4-5. From the simulation for the configuration of Figure 10(d), we observe
that, there is a net movement of 12.68 kmol/hr of C up the HMA-section in Column 2-3. This
movement of C in Column 2-3, reduces the amount of C by 12.68 kmol/hr in the submixture CD
fed to Column 4-5, making the CD->C\D split less energy intensive. This reduces the vapor duty
requirement in the reboiler of Column 4-5, shown in Figure 10(d), by 31.5% compared to that in
Column 4-5 shown in Figure 9(b). For the case of feed F2, split BC->B\C is more difficult than
split CD->C\D in Column 4-5 of Figure 9(b). A net flow of 7.31 kmol/hr of C down the HMA-

section in Column 2-3 of Figure 10(d) makes the separation of submixture BC easier in Column
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4-5, due to which the vapor duty in the reboiler of the column is reduced by 13.6%. An
optimization of the overall configuration in Figure 10(d) including Column 1 could further

increase heat duty savings for the same feeds F1 and F2.

HMA with Two or More Overlaps

The operating conditions for the configuration of Figure 14(a) are optimized to minimize
the total heat duty for two feed conditions, F3 and F4, for which {au5, a@gc, @cp, @pg, @pr} are
set to {2.5, 2.5, 1.5, 1.5, 1.5} and {1.5, 1.5, 2.5, 2.5, 2.5} respectively. The flowrates of ABCD
and CDEF are obtained by optimizing for each feed condition, and used to feed Column 2-3 of
Figure 14(b). The vapor duty in the reboiler of this column is assigned the larger of the two
vapor duty requirements at reboilers of Columns 2 and 3 of Figure 14(a). Optimizing the
remainder of the configuration in Figure 14(b) yields a total vapor duty saving of 16.5% and
23.5% for feed conditions F3 and F4 respectively (the comparison includes Column 1 in
configurations of Figures 14(a) and 14(b)). Here, sharing the heat between the two splits, ABCD-
>A\BCD and CDEF->CDE\F, using an HMA, accounts for a total vapor duty saving of only
10.4% and 20.4%, for F3 and F4 respectively. The rest of the saving is observed in the reboiler
of the Column 4 due to movement of mass in the HMA-section. By optimizing the composition
of streams BCD and CDE, the reboiler duty of Column 4 in Figure 14(b) is reduced by 30.3%
and 14.2% for the two feed conditions, compared to that of Column 4 in Figure 14(a), yielding

the overall saving mentioned above.

For feed F3, in Column 4 of Figure 14(a), it is found that the split CDE->CD\E controls the
vapor duty requirement in the reboiler of the column. In Column 2-3 of Figure 14(b), a net flow

of 6.21 kmol/hr of C and 9.18 kmol/hr of D up the HMA-section eases the separation of the CDE
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submixture into CD and E in Column 4. Likewise, for feed F4, in Column 4 of Figure 14(a), split
BCD->B\CD controls the vapor duty requirement in the reboiler of the column. In Column 2-3 of
Figure 14(b), a net flow of 8.11 kmol/hr of C and 3.06 kmol/hr of D down the HMA-section

makes the separation of submixture BCD in the next column less energy intensive.

Similar to the above optimization, optimization of the configuration in Figure 15(b) for
{45, apc, acp, appt = {2.5, 2.5, 2.5, 2.5} gives an overall vapor duty saving of 7.3% over that
in Figure 15(a). The vapor requirement in the reboilers of Column 2 in both configurations is the
same. All the energy saving in the configuration of Figure 15(b) is obtained at the reboiler of the
third distillation column in the form of a 31.9% reduction in its reboiler duty. In the HMA-
section of Column 2, a net upflow of 5.24 kmol/hr of B, and a net downflow of 3.23 kmol/hr and
1.00 kmol/hr of C and D respectively, make the BCDrop submixture 92.2% rich in B, and the
BCDgort submixture 44.5% and 46.6% rich in C and D respectively, with little B. In comparison,
the feed to Column 3 in Figure 15(a) is 33.3% rich in each of B, C and D. This makes the overall
separation of B from CD in Column 3 of Figure 15(b) less energy intensive compared to Column
3 of Figure 15(a). This example is an illustration of the need to include HMASs such as those

shown in Figures 6(a), 7(a) and 8.

On the Use of Intermediate Reboilers and Condensers with HMA-sections

Although introducing HMAs between distillation columns offers benefits in terms of heat
duty savings, it may incur temperature level penalties. For example, in Column 2-3 of Figure
13(b), if the split DEF->DE\F is more energy intensive than ABC->AB\C, then all the
condensing duty for the DEF->DEN\F split is provided at the lower temperature of AB condenser.

In such a case, the cooling duty at condenser AB in Figure 13(b) compared to Figure 13(a) is
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higher. Similarly, if the split ABC->AB\C is more energy intensive than DEF->DE\F, then the
heating duty at reboiler F of Figure 13(b) is higher when compared to Figure 13(a). These
temperature level penalties in the configuration of Figure 13(b) can be reduced by incorporating
an intermediate condenser at submixture DE when the bottom split is more energy intensive than
the top split, and an intermediate reboiler at C for the converse case. Using the intermediate heat
exchangers also minimizes the contaminating effect in the top and bottom streams of the HMA

due to the additional vapor flow in the HMA-section, which was discussed in an earlier section.

Unlike the usage of intermediate reboilers and condensers, as discussed in the previous
paragraph for ‘HMAs with no-overlap’, other considerations are needed for HMAs with one or
more overlaps. Consider Column 2-3 of Figure 10(d) for example. Figure 16 shows four versions
of the column with an intermediate reboiler or a condenser introduced at different submixtures.
Note that the minimum vapor duty requirement of the configuration in Figure 10(d) is not always
equal to the minimum vapor duty requirement of the same configuration with the Column 2-3
replaced by the ones in Figures 16(a) or 16(b). This is because the vapor traffic in the HMA-
section of the columns in Figures 16(a) and 16(b) is lower than the vapor traffic in the HMA-
section of Column 2-3 in Figure 10(d). With lower vapor traffic in the HMA-section, the
maximum quantity of the overlapping C component that can be transported up or down the
HMA-section is definitely reduced. This may affect the vapor duty requirement in the reboiler of
the next distillation column. Alternative intermediate reboiler and condenser arrangements are
shown in Figures 16(c) and 16(d). These columns retain the same vapor traffic in their HMA-
section as in Column 2-3 of Figure 10(d). However, the reboiler CD in Figure 16(c) boils at a
higher temperature than reboiler BC in Figure 16(a), and the condenser BC in Figure 16(d)

condenses at a lower temperature than the condenser CD in Figure 16(b). The above factors must
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be considered while implementing intermediate heat exchangers at the top and bottom streams of

HMAs with one or more overlapping components.

A Column Connected through Multiple HMA-sections

So far, we have discussed cases whereby a column is consolidated with only one another
column through one HMA.. For example, Figure 13(b) is obtained by connecting Columns 3 and
2, and, Columns 5 and 4. Similarly, in another option, Column 3 can be connected to 4, and
Column 5 to 2, each with one HMA-section. These connections limit the splits that can share
heat duties. For example, in the configuration of Figure 13(b), the heat supplied at reboilers F
and E is respectively not conveyed to splits AB->A\B and ABC->AB\C. Thus, in a flowsheet such
as the one in Figure 13(a), it is lucrative to connect a condenser simultaneously with more than
one reboiler through the HMA-section. One way to achieve this for the configuration of Figure
13(b) is shown in Figure 17. The excess vapor generated in reboiler F is conveyed to split AB-
>A\B through the vapor stream in the back and forth DE liquid-vapor communication, with net
mass flow equal to the sum of the total component D and E flows in the feed. This connection is
somewhat similar to using an HMA-section between condenser DE and reboiler B. Since an
HMA-section already exists between condenser D and reboiler B, the DE vapor takes advantage
of it. The condenser D is also connected to reboiler C through the use of a dividing wall column.
Some of the vapor generated in reboiler E is conveyed to split ABC->AB\C through the vapor
stream in the back and forth D> vapor-liquid communication, with no net transfer of mass in D-
between the two columns. If needed, in Figure 17, the condenser AB may also be eliminated
through the use of conventional thermal coupling to achieve more sharing of vapor traffic
through various sections. Conceptually, connecting one column simultaneously with multiple

columns through the use of multiple HMAs has a potential to further reduce overall heat duty,
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however, due to added complexity, the usefulness of this strategy will depend on the practicality

of an onsite implementation.

HMAs with Additional Intermediate Streams

Observe the HMA of Figure 5(e). Shenvi et al.}” found that for a configuration which uses
this HMA, a pure product stream C could be withdrawn from an intermediate location of the
HMA. This is possible because, as the liquid rich in BC descends down the HMA-section, it
becomes leaner in B. Thus, there is a tray at an intermediate location where the liquid is rich only
in C, but lean in B and D. Further descent of the liquid down the section makes it richer in D, in
addition to the existing C. Withdrawing pure C from such an intermediate location is potentially
beneficial from a heat duty perspective because the C that is withdrawn does not need to be
separated subsequently. The logic described here to withdraw additional intermediate streams
from the HMA-section is extendable to any HMA. All possible useful intermediate streams that
may be drawn from HMAs of Figures 4, 5, 6 and 7 are shown in Figures 18, 19, 20 and 21 by
dotted rightward arrows. If such an arrow is absent from any HMA (for e.g, Figure 18(a)), it
means that a useful (in terms of heat duty) intermediate stream is not available for withdrawal.
This way of drawing intermediate streams leads to a further set of new configurations
characterized by HMAs with additional intermediate streams. For example, in the configurations
of Figures 10(d), 13(b) and 14(b), any/all intermediate streams from the respective HMAS may
be withdrawn as shown in Figures 19(e), 18(b) and 20(e) respectively. These configurations,
when optimized, can result in larger heat duty savings than reported in the previous sections,

improving the savings from the use of HMAs.

Conclusions
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We have extended our earlier study by Shenvi et al.'” on heat and mass integration links that
use additional sections, called the HMAs. Here, we propose a new framework for consolidating
columns in a configuration, and it is unlike the conventional approach which only consolidates
columns that produce streams with the same components. The conventional approach turns out to
be a special case of the multitude of possible HMAs that result from our new framework. The
usage of an HMA in a configuration eliminates one reboiler, one condenser, one distillation
column, multiple connecting streams and valves from the parent configuration, and reduces its

overall heat duty requirement.

First, we introduced a systematic method to identify and enumerate all HMAs for an n-
component feed. We then demonstrated a method to exhaustively draw all configurations
containing HMAs. For this purpose, we modified Step 6 of the Shah and Agrawal’s method used
to draw basic configurations with (n-1) columns. Sometimes, the use of HMAs leads to
configurations with less than (n-1) columns, which still produce pure products. Finally, we
studied the functional characteristics of HMAs to determine their operational behavior, and

verified their suitability for onsite implementation.

Through several examples, we demonstrated that HMAs have significant potential in saving
heat duty. We also distinguished the heat duty savings due to heat integration from those due to
mass integration in an HMA. In particular, the mass integration alters compositions in a way that
makes the separations in the subsequent distillation columns less energy-intensive. Further, we
also discussed mechanisms to minimize temperature level penalties that result from introducing
HMAs. In addition, we identified opportunities to withdraw intermediate streams from the

HMA-section which can further reduce heat duty.

23



Considering their capital cost and operating cost saving potential, configurations with
HMASs need to be included in the search space of multicomponent distillation configurations.
This warrants the development of a method that systematically evaluates their total cost for

separating a given feed.
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Appendix A

The objective of this appendix is to calculate the total number of possible sub-categories of
HMAs that may exist among all distillation configurations for an n-component distillation. A
distillation column belongs to a different sub-category than another if at least one of three things
happens: 1) the number of components in the top streams is different, (2) the number of
components in the bottom streams is different, or (3) the number of overlapping components is
different. For convenience, instead of using A, B, C, D, etc., to represent the components, as in
the main text, we simplify the notation by denoting them using A1, Az, Az, As, etc in this
appendix. Here, A: represents the most volatile component, while A, is the least volatile

component.

In order to form an HMA, the top stream must be the bottom stream of a column and therefore
cannot contain A:. Similarly, the bottom stream is the top stream of a column and therefore does
not contain An. Since the most volatile elements are in the top stream of the HMA and the least
volatile elements are in the bottom stream, it follows that the components in an HMA are a

subset of {A,...,An1}.

We say that the components of a stream are shifted to more volatile components if, for all k, Ax

is replaced by Ax-1 in the stream. Now, to count different sub-categories, it suffices, by shifting
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iteratively the components in both the top and bottom streams together to more volatile ones, that
A: is the most volatile component in the top stream. Similarly, by shifting the components in the
bottom stream alone to more volatile ones, we may eliminate any gap between the most volatile
component of the bottom stream of the HMA and the least volatile component of the top stream
of the HMA. Observe that the above shifts do not change the number of components in the top
or bottom stream and do not change the number of overlapping components in the stream,

thereby maintaining the sub-category of the HMA.

We argue that the number of different sub-categories is the same as partitioning the sequence
2,..., n-1 into four ordered buckets such that the top stream consists of the components in the
first two buckets and the bottom stream consists of the components in the 2" and 3" bucket. See
Figure Al for an illustration. This corresponds to placing three partitions in the sequence 2, ...,
n-1. The location of the last (third) partition governs the total number of components in the two
streams. The location of the second partition fixes the number of components in the top stream.
Finally, the location of the first partition dictates the number of overlapping components. It is
clear from the construction that each location corresponds to a unique way to obtain an HMA
sub-category. Nevertheless, we also need to ensure that the first two buckets or the second and
third buckets are not simultaneously empty because the streams of an HMA must each have at

least one component.

Now, the calculation is straightforward. The number of ways in which the sequence 2, ..., n-1
can be partitioned into four ordered buckets is given by "Cs, because it is equivalent to
permuting n-2 dots, one for each number in the sequence, and three partitions.?! Then, first and
second bucket are empty if and only if the first two partitions are placed before 2, which can be

done in n — 1 ways. The second and third buckets are empty when the three partitions are
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together, which after discounting the case where all the partitions are before the first dot,
corresponding to the number 2, and has already been deducted, can occur in n — 2 ways.
Therefore, the number of ways in which the partitioning can be done is "C3 — (n — 1) — (n — 2).
Finally, there is no need to create an HMA of a product stream with itself (sub-category
represented with A; as the top stream and A; as the bottom stream). Therefore, the number of
unique sub-categories of HMA for n-component distillation is"'Cs - (n - 1) - (n—-2) -1 =

(n®+13n+12)/6.

Appendix B

In this appendix, we calculate all the different possible HMAs. The difference from
Appendix A is that HMAs that belong to the same sub-category but involve different
components in the top or bottom stream are counted separately. Observe that an HMA is
different from another if either the top or the bottom stream is different. Any stream is
completely determined by its most volatile and least volatile elements. Therefore, to distinguish
different HMAs, we consider four locations partitioning the sequence 2, ..., n-1, two before the
most volatile components of the top and bottom stream, and two after the least volatile
components of these streams. Since there is at least one component in each stream, the two

locations that arise from the same stream are always distinct.

Since top and bottom streams of an HMA completely determine the location of the partitions, an
HMA column cannot simultaneously correspond to two different ways of locating the four
partitions described above. Nevertheless, given the location of the partitions the streams of an
HMA are still not fixed. In particular, the first partition fixes the most volatile component of the

top stream and the last partition fixes the least volatile component of the bottom stream.
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However, the least volatile component of the top stream and most volatile component of the

bottom stream remain undecided.

Now, we count the ways in which these two remaining components can be obtained using the
partition locations. This is more easily done by classifying the locations based on how many of
them are distinct. First, assume that all the four locations are distinct. Such locations can be
obtained in "1C4 ways. With each of these arrangements, there are two distinct ways in which the
top and bottom stream of the HMA can be formed as are shown in Figure B1(a) and B1(c). If
there are three distinct locations, then the top and bottom stream of the HMA can be formed in
three ways as shown in Figure B1(b), B1(d), and B1(f). Finally, if there are only two distinct
locations then there is only one way to fix the two remaining components as shown in Figure
B1(e). All together, there are "1C4x2 +"™1C3x3 + ™C, ways in which the HMA top and bottom
streams can be obtained. As was also mentioned in Appendix A, there is no reason to form an
HMA where a particular product stream forms the top as well as the bottom stream. There are
n — 2 such HMAs we counted in our enumeration above, one for each of the products
A, ..., Ana. Therefore, the number of distinct HMAs are "Csx2 +™C3x3 + "1C, — (n - 2) =

n(n-1*(n-2)

. (n—2).
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Figure 1. (a) A three-column distillation configuration for the separation of a three-component
feed mixture; (b) A basic configuration obtained by the heat and mass integration of distillation

columns 2 and 3 of the configuration in (a).

31



ABCD

BCD

BC

(a)

Figure 2. (a) A five-column distillation configuration for the separation of a four-component

(b)

feed mixture; (b) A basic configuration obtained by the heat and mass integration of distillation

columns 2 and 3 of the configuration in (a).
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Figure 3. (a) A three-column distillation configuration for the separation of a four-component

feed mixture; (b) Brugma configuration®?; (c) DWC of Brugma configuration.'3
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Figure 6. HMAs with two-overlaps.
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Figure 8. HMAs with four-overlaps.
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Figure 9. (a) An example flowsheet obtained at the end of Step 5 of the method proposed by

Shah and Agrawal;*%!! (b) Configuration synthesized at the end of Step 6.
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Figure 10. Five new configurations obtained by combining the distillation columns of Figure
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Figure 11. All four-component configurations with three or less columns that use HMAs.
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Figure 12. Simulated distillation columns having an HMA-section with: (a) no-overlap; (b) one-

overlap; (c) two-overlaps; (c) three-overlaps.
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Figure 13. (a) Optimized six-component configuration with vapor requirements in every

reboiler; (b) The combination of columns of Figure 13(a) yielding the highest energy saving.
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Figure 14. (a) A conventional six-component configuration; (b) The HMA-linked configuration

obtained after introducing HMAs between columns 2 and 3 of (a).
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Figure 15. (a) A conventional five-component configuration; (b) Configuration of Figure (a)

BCDE

with the BCD transfer stream replaced by the HMA of Figure 7(a).
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Figure 16. Column 2-3 of the configuration in Figure 10(d) with an intermediate (a) reboiler at

BC; (b) condenser at CD; (c) reboiler at CD; (d) condenser at BC.
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Figure 17. An implementation of configuration of Figure 13(a), where all potential HMA-

linkable condensers are HMA-linked with all potential HMA-linkable reboilers.
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Figure 18. Additional intermediate streams shown for the no-overlap HMAs of Figure 4.
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Figure 19. Additional intermediate streams shown for the one-overlap HMAs of Figure 5.

48



r - e ml - e - - Be
: ! : ! : !
I I I I I ST CEEEEERYRLLEEEE > Bc
I ! I ! I !
| I | L\LLLILLIELIELEY > Bc | I
| | |
: | : | : T IEEICCTTIERRRR > BCD
|- ! - ! (I .
—> BC —> BCD —> BCDE
(a) (b) (c)
———T>BCD ———T>BCD ———T>BCD
! ! ! ! ! eereareeneeans >CD
| I | apermreennnan >CD | I
I ! I ! I !
I [T CEEEEETEET T > CD I 1 I & RECEREEEEEEEERE > CD
| | |
: 1 : T LEECTT TP TR P TY >CD : 1
' _I ' _I el _'I --------------- > CDE
—> CD —> CDE —> CDEF
(d) (e) (f)
I———T)BCDE I———T)BCDE I———T)BCDE
I I CTCLCEEERERRRELE > CDE
: aqeeeeesennnens >CDE : S AELLLLLLELEELEE >CDE : I
I 1 I 1 I o GEECELEEEELETER > DE
, I , "| ............... > DE , I
I 1 I 1 I T ELEELEELEELEETE > DE
I ST CETETTEETELT T >DE I T TEREERER IR > DE I 1
L _ I L __ _I L _ _ _-| --------------- > DEF
> DE —> DEF —> DEFG
(g) (h) (i)

Figure 20. Additional intermediate streams shown for the two-overlap HMAs of Figure 6.
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Figure 21. Additional intermediate streams shown for the three-overlap HMAs of Figure 7.
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Figure Al. (a) List of possible components in a top/bottom stream of an HMA; (b) There are n-1

locations available for the 3 partitions.
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Figure B1. Various scenarios of partitions used to enumerate the HMAs.
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Table 1(a). Net component flows in the HMA-section of the distillation column in Figure 12(a)
with {agc, acp, ape} ={2.5, 1.1, 2.5} and N=25, for different boil-up ratios, BR (the top and

bottom stream flow rates are fixed at 50 kmol/hr)

NetB | NetC | NetD | NetE
MOLE-BR
kmol/hr
3.4 (minBR) | 0 1711 | 1711 0
4 0 -1.919 | 1.919 0
7 0 -2.703 | 2.703 0
10 0 -3.221 | 3.221 0

Table 1(b). Net component flows in the HMA-section of the distillation column in Figure 12(a)
with {agc, acp, ape} = {2.5, 1.1, 2.5} and N=150, for different boil-up ratios (the top and

bottom stream flow rates are fixed at 50 kmol/hr)

NetB | NetC | NetD | NetE
MOLE-BR
kmol/hr
3.4 (minBR) | 0O -0.005 | 0.005 0
4 0 -0.006 | 0.006 0
7 0 -0.009 | 0.009 0
10 0 -0.010 | 0.010 0
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Table 2. Net mass and component flows in the HMA-section of the distillation column in Figure

12(b) with {agc, acp} = {1.1, 1.1} and N=150, at BR=4, for different flowrates of submixture

streams BC and CD

Direction of
Flofvfate Flofv?ate I\:aests Net B Net € NetD | component
flows
kmol/hr

56 44 6 0 5.545 0.455

55 45 5 0 4.989 0.011 +C’ +D

54 46 4 0 3.999 0.001

53 47 3 0 3 0

52 48 2 0 2 0 +C

51 49 1 0 1 0

50 50 0 0 0 0

49 51 -1 0 -1 0

48 52 -2 0 -2 0 -C

47 53 -3 0 -3 0

46 54 -4 -0.001 -3.999 0

45 55 -5 -0.002 -4.998 0 -B, -C

44 56 -6 -0.011 -5.989 0
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Table 3(a). Net component flows in the HMA-section of the distillation column in Figure 12(c)

with {agc, acp, aps} = {1.1, 1.1, 1.1} and N=150, for different boil-up ratios (the top and

bottom stream flow rates are fixed at 75 kmol/hr)

NetB | NetC | NetD | NetE
MOLE-BR
kmol/hr
4.46 (minBR) | 0 3225 | -3.225 0
5 0 3.587 | -3.587 0
8 0 5.475 | -5.475 0
11 0 7135 | -7.135 0
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Table 3(b). Net mass and component flows in the HMA-section of the distillation column in

Figure 12(c) with {ag¢, acp, apeg} = {1.1, 1.1, 1.1} and N=150, at BR=5, for different flowrates

of submixture streams BCD and CDE

FIoB\A(I::)ate Floc\;l\l)tite l\ll\ll:sts Net B Net C Net D Net £ conlz::s:\zg: f?:ws
kmol/hr
88 62 13 0 8.142 4.709 0.150
87 63 12 0 7.819 4,173 0.008 +C, +D, +E
86 64 11 0 7.471 3.528 0.001
85 65 10 0 7.121 2.879 0
: : : : ; : +C, +D
81 69 6 5.721 0.279
80 70 5.371 -0.371
79 71 4 0 5.021 -1.021 0
: : : 2 +C, -D
70 80 -5 0 0.748 -5.748 0
69 81 -6 0.115 -6.114 0
68 82 -7 0 -0.520 | -6.480 0
: : I f : 2 f -C,-D
64 86 -11 0 -3.059 | -7.941 0
63 87 -12 -0.001 -3.693 | -8.306 0
62 88 -13 -0.002 -4.328 | -8.671 0 -B, -C, -D
61 89 -14 -0.005 -4.960 | -9.035 0
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Table 4. Total heat duty savings obtained by combining the different pairs of columns in the

configuration of Figure 13(a)

Column Pairs of Figure 13(a)

(2-3)

(2-5)

(4-3)

(4-5)

(2-3),(4-5)

(2-5),(4-3)

Heat Duty Savings (%)

21.6

18.0

8.4

8.4

30.0

26.4
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