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A novel holistic approach is proposed for process retrofitting. Unlike conventional approaches, the proposed
approach totally resynthesizes the entire process by incorporating the operating units with enhanced
performances. As such, it can take into account all possible outcomes, including the inevitable restructuring
of the flowsheet’s network structure. Naturally, the proposed approach can be executed by resorting to the
efficient graph-theoretic method based on P-graphs that have been originally devised for synthesizing virgin
processes; nevertheless, the approach does not require the enormous effort involved in exhaustively identifying
plausible operating units in synthesizing virgin processes. With the combinatorial feasibility of most operating
units largely predetermined, the approach detects, with extraordinary speed, any changes in the flowsheet’s
network structure incurred by retrofitting. The efficacy of the approach is demonstrated by applying it to the
retrofitting of a conventional downstream process for the biochemical production of butanol through the
incorporation of newly identified adsorbing units.

Introduction

Most, if not all, existing processes must be continually
retrofitted during their lifetime to remain competitive and
sustainable.1-5 The goals of retrofitting can be expansion of
the production capacity, enhancement of the product quality,
or reduction of the operating costs to improve the profit
margin;3,6-8 another goal could be the minimization of envi-
ronmental impact to meet ever-tightening regulations.1,7,9 The
identification and evaluation of retrofit options to attain one or
more of these goals have been performed either heuristically
or algorithmically.3,6,8,10

Most of the available approaches for retrofitting focus on
some specific operations, aspects, or segments of the processes
with fixed flowsheet structures. Instances of such operations,
aspects, or segments are waste reduction,1,7,9 mass-exchange
networks,10 heat-exchange networks,11,12 reactor systems,8 and
entrainer selection.12 These approaches are indeed viable when
the operations, aspects, or segments of concern can be un-
equivocally isolated from the remainder of the processes; more
often than not, this is the case. As such, the approaches would
result in optimally retrofitted processes when they can be
implemented algorithmically and rigorously, as presented by
Fraser and Hallale,10 and by Ciric and Floudas,11 for example.
For various processes or systems, however, situations can arise
such that the effects of upgrading or modifying any operation,

aspect, or segment propagate throughout these processes or
systems. This is indeed the case when the downstream-
processing system of a biochemical manufacturing process is
upgraded, i.e., retrofitted, at the upper or initial segment
immediately following the fermenter. The downstream-process-
ing system essentially comprises sequences of separation trains,
interlocked mainly in the upper segment of the systems.13-17

Moreover, the components in the feed to the system are
separated most extensively in the upper segment from the
viewpoint of the quantities involved, implying that the maximum
benefit can possibly be derived from retrofitting when an
operating unit or units in that segment of the system is upgraded.
However, the effects of such upgrading inevitably propagate
measurably throughout the system. This necessitates totally
reconfiguring the system’s network structure (flowsheet) through
re-synthesis for the retrofitted system to remain optimal in its
performance, thereby entailing the development of a holistic
approach for process retrofitting.

The issue of combinatorial feasibility is largely resolved for
all the operating units in the original flowsheet that must be
taken into account in re-synthesis for retrofitting. Nevertheless,
it would still be daunting to circumvent the combinatorial
complexity involved in the total re-synthesis of a flowsheet
containing a multitude of operating units for which a robust,
rigorous, and highly efficient algorithmic method is required.
The current work resorts to the rigorous graph-theoretic method
based on process graphs (P-graphs) to perform re-synthesis and
simultaneous generation of the optimal and near optimal retrofit
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options in terms of the entire flowsheet cost. This method,
originally developed by Friedler and his collaborators,18-23 has
been repeatedly shown to be extraordinarily efficient in process-
network synthesis since its inception.24-28 The method has been
increasingly gaining utility in other areas. Some of these areas
include representation of process structures in developing
decision support systems for process operations as demonstrated
by Halim and Srinivisan;29,30 the identification of catalytic or
metabolic pathways;31-33 and environmentally friendly system
design.34 Specifically, the efficacy of the proposed holistic
approach based on the P-graph is demonstrated in this paper in
the retrofitting of the downstream-processing system for bio-
chemical production of butanol, ethanol, and acetone by
incorporating one of the unconventional separating units,
namely, adsorption, into the upper segment of the system.

Process Description

Adsorption is ubiquitous in the laboratory-scale as well as
industrial-scale separation or purification of liquid and gaseous
mixtures for the manufacture of a wide variety of chemicals,
biochemicals and materials.35 The effectiveness of adsorption
as a means of separating or purifying organics is extensively
discussed by Chi.36 In fact, adsorption has been the separation
method of choice for the final purification and polishing of
products, e.g., fuel-grade ethanol via a biochemical route.37

Naturally, the potential of adopting adsorption for the same
purpose in the biochemical production of butanol (B), ethanol
(E), and acetone (A) has been well-recognized.38-43 Apparently,
however, no attempt has yet been made to incorporate adsorption
into an industrial plant design for the downstream processing
in the biochemical production of B, E, and A.

At the outset of the downstream processing system, insoluble
protein, fiber, cells, and trace chemicals are removed from the
fermentation broth. The remaining aqueous stream, which
contains butanol, ethanol, and acetone, in addition to water, is
processed through a series of variously combined operating units
that perform the separation. The system yields B, E, and A as
the final products. The system for the downstream processing
described in our previous papers13,16 consists only of the
conventional operating units, including distilling, gas-stripping,
and extracting units. The additional operating units to be
included in the current work are two adsorbing units and one
concomitant centrifuging unit. Processes that involve these
newly added units are described in the following.

The fermentation broth contains 2 wt % of insoluble solids
whose densities are much higher than those of the aqueous
portion of the broth comprising butanol (B), ethanol (E), acetone
(A), and water (W).14 Hence, the insoluble solids can be readily
removed from the fermentation broth by centrifugation prior to
adsorption. This prevents the adsorption of insoluble solids,
including cells onto the adsorbents’ surfaces, thus facilitating
the adsorption of desired B, E, and A.44-46 It is worth noting
that the cells have a tendency to form biofilms on the surfaces
of the adsorbents, thereby inhibiting further adsorption of the
desired products. The clear supernatant from the centrifugal unit

is passed through the first of the two adsorbing units that
comprises two adsorption columns operated cyclically between
the adsorption and desorption phases. In one column, the desired
final products are adsorbed; in the other, these final products
are thermally desorbed, thereby reactivating the adsorbents.47

The desirable characteristics of the adsorbents include high
adsorbent capacities for B, E, and A but not for sugar, acetic
acid, butyric acid, or any nutrients; favorable adsorption kinetics;
and effective adsorption over a broad range of solvent concen-
trations.39 The adsorbents investigated to date are summarized
in Table 1. Among them, Bonopore (which is a divinylbenzene-
styrene copolymer, manufactured by Nobelkemi AB, Sweden)
seems to be the most suitable adsorbent: Despite its high
adsorption capacity for B, Bonopore hardly removes nutrients
from the fermenting broth.43 Bonopore, therefore, is used in the
current work.

The biochemical production of fuel ethanol is very similar
to that of B, E, and A. Thus, the adsorption of W from the
vapor phase, as practiced in the former, is also considered for
inclusion in the current process;37 this constitutes the second of
the two adsorbing units. To implement it, the fermentation broth
is first concentrated in an existing gas-stripping unit, identified
as Gas Stripper G1 in our previous paper,13 to yield the vapor
phase, which comprises B, E, A, and W, and the aqueous-phase-
containing solid suspensions. Subsequently, W in the vapor
phase is removed in two adsorption columns that are operated
cyclically between the adsorption and desorption phases, similar
to those of the other adsorption unit.

Methodology

The methodology involves the following procedures: (a)
identifying operating units plausible for downstream processing;
(b) composing the maximal structure from the plausible operat-
ing units identified; and (c) determining the optimal and near-
optimal flowsheets in the ranked order in terms of cost. The
methodology as well as its implementation is detailed in our
previous paper13 and the related appendices. What follows
describes the exceptions due to the inclusion of the two
aforementioned adsorbing units and concomitant centrifuging
unit.

1. Identification of Operating Units. Altogether, the operat-
ing units that have been identified include the one centrifuging
unit and two adsorbing units previously mentioned, as well as
all the conventional operating units identified previously. Their
total number is 25, comprising 38 pieces of processing equip-
ment.

A. Centrifuging Unit. The centrifuging unit is designated
as Centrifuge C1. The fermentation broth is fed to this operating
unit. The clear supernatant exiting from it, free of solid
suspension, is fed into the adsorbing unit. This supernatant
contains 1.5 wt % butanol (B), 0.2 wt % ethanol (E), 0.6 wt %
acetone (A), and 97.7 wt % water (W). The concentrated
suspension that contains the solids is recycled to the fermenter.

B. Adsorbing Units. The first of the two adsorbing units,
designated as Unit 24, and comprises subunits Adsorption

Table 1. Candidate Adsorbents for the Downstream Processing in Biochemical Production of Butanol, Ethanol, and Acetone

comments

adsorbent adsorption capacity adsorption of nutrients? ref(s)

zeolite and silicalite 80-90 mg butanol/g resin possible 38, 39, 47, 48
XAD series inferior or similar to that for silicalite possible 39, 40, 41, 43
Bonopore similar to that for silicalite minimal 38, 43
charcoal and activated carbon inferior to that for silicalite possible 40, 41
IRC-50 inferior to that for silicalite possible 41
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Column B1 and Adsorption Column B2, each of which is
packed with Bonopore adsorbents. The two columns are
operated cyclically between the adsorption and desorption
phases, as mentioned previously. The clear supernatant from
Unit 23, comprising Centrifuge C1, is fed to one of the columns,
where B, E, and A are adsorbed onto the adsorbents. The
adsorption capacities of the adsorbents are∼50-80 mg/g of
adsorbent for the products. The equilibrium adsorption isotherms
indicate that butanol can be concentrated from 0.5% (w/v) to
98% (w/v).48 When the products saturate the adsorbents, they
are thermally desorbed and subsequently recovered; meanwhile,
the adsorbents are reactivated in the other column.

The second of the two adsorbing units, designated as Unit
25, and comprises Adsorption Column B3 and Adsorption
Column B4, each of which is packed with multiple beds (trays)
of thinly layered molecular sieves. These two columns are also
operated cyclically between the adsorption and desorption
phases. The vapor stream from Unit 3, which comprises Gas
Stripper G1, as mentioned previously, is fed into this unit, where
water is essentially completely adsorbed onto the adsorbents.
Although the active column is under pressure during dehydra-
tion, where the mixture of B, E, and A is condensed, the other
column, with the adsorbents saturated by water, is under vacuum
for regeneration.

Table 2 summarizes the three newly added operating units
that are numbered, following the operating units given in our
previous paper.13 The three operating units consist of a total of
five pieces of processing equipment.

2. P-graph Representations of Operating Units.The three
operating units identified in the current work are graphically
represented in conventional diagrams as well as by P-graphs in
Figure 1.

3. Generation of Comprehensive Flowsheet.Based on the
specifications of materials, similar to those presented in our
previous paper,13 and the P-graph representations of the 23
operating units identified (excluding the two reacting units also
listed in the table that do not come into play in the current work),
algorithm MSG has constructed the comprehensive flowsheet,
corresponding to the maximal structure. The total computing
time consumed is<2 s on a personal computer (PC) (266 MHz
and 65 MB Pentium II; Windows 95).

The comprehensive flowsheet, i.e., the maximal structure, is
presented in Figure 2 by P-graph representations. It includes
the operating units, which comprise 1 gas stripper, 1 extractor,
27 simple distillation columns, 2 azeotropic distillation units, 1
centrifuge, and 4 adsorption columns.

4. Generation of Optimal and Near-Optimal Flowsheets.
The optimal and near-optimal flowsheets are identified by

resorting to algorithm ABB,20,25 as presented in our previous
paper.13 Additional details are available in Appendix 1, which
is given in the Supporting Information.

A. Objective Function. As stated in the previous paper,13

the objective function to be minimized is the flowsheet’s cost.

Table 2. Summary of Operating Units Newly Identified and Their Costs

Operating Units and Subunits Cost (103 US$)
Annual Cost
(103 US$/yr)

number of
operating units

number
of subunits

equipment
designation type functiona capital

annualized
capitalb operating total

23 C1 centrifuge removal of suspended solids from
the fermentation broth

9240 3080 1168 4248

24 24-1 B1 adsorption column separation of B, E, and A from
the liquid mixture of B, E, A and W

25107 8369 871 9240

24 24-2 B2 adsorption column separation of B, E, and A from
the liquid mixture of B, E, A and W

25 25-1 B3 adsorption column removal of W from the vapor
mixture of B, E, A, and W

3806 1269 132 1401

25 25-2 B4 adsorption column removal of W from the vapor
mixture of B, E, A, and W

a B ) butanol, E) ethanol, A) acetone, and W) water.b Based on the three-year payback period.

Figure 1. Conventional and process graph (P-graph) representations of
newly identified operating units: (a) Centrifuging Unit 23 (Centrifuge C1),
(b) Adsorbing Unit 24 (Adsorption Columns B1 and B2), and (c) Adsorbing
Unit 25 (Adsorption Columns B3 and B4).
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It is calculated as the total sum of the annualized capital and
operating costs, in terms of their present values, for all operating
units in the flowsheet.

B. Cost Estimation.The basis of the cost estimation for the
three operating units incorporated in the current work is the
same as that adopted in our previous study. The present values
of their costs have been estimated based on heuristics, as
indicated in Appendix 2, given in the Supporting Information.
Table 2 summarizes the cost data and their sources. The methods
of the cost estimation are also indicated in the table.

C. Optimal and Near-Optimal Flowsheets.Table 3 lists
the top 10 flowsheets generated. The total computing time
consumed is<4 s on the same PC used to execute algorithm
MSG (266 MHz and 65 MB Pentium II; Windows 95). The
optimal flowsheet is illustrated in Figure 3.

Discussion

It is worth noting that process synthesis, as performed in the
current work, is at the macroscopic level, thus resulting in
flowsheets represented traditionally by block diagrams that
comprise primary operating units; ancillary units, such as heat
exchangers and mixers, are lumped with such units.2,49 Con-
ventionally, the ancillary units are regarded as individual
operating units at the mesoscopic level. It has been amply
demonstrated that our P-graph-based approach is capable of
efficiently executing the synthesis at the mesoscopic level.50,51

Process retrofitting as presented in this work represents one
of various possible extensions to our previous work, which
focuses on the conceptual design, i.e., synthesis, of a virgin
process. The synthesis of a virgin process entails an enormous
amount of effort for exhaustively surveying the available
operating units, and identifying among them all plausible
operating units for possible incorporation into the flowsheet
being retrofitted. In contrast to the synthesis of a virgin process,
in the process retrofitting, the combinatorial feasibility or
viability of the majority of operating units in the process network
(flowsheet) is predetermined, except for a few of the operating
units, including mainly those to be newly incorporated in the
flowsheet of interest.1-5 This clearly distinguishes the retrofitting
of an existing process from the synthesis of a virgin process.
Moreover, unlike almost all, if not all, available approaches,
our approach for process retrofitting totally re-synthesizes the
existing process. This automatically renders it possible to take
into account the effects of retrofitting on the entire process,
including its network structure.

1. Efficacy of Methodology. The addition of the three
operating units, including the centrifuging unit (Unit 23) that
comprises Centrifuge C1, the adsorbing unit (Unit 24) that
comprises Adsorption Columns B1 and B2, and the adsorbing
unit (Unit 25) that comprises Adsorption Columns B3 and B4,
increases the computing time only very slightly for generating

Figure 3. Optimal flowsheet with the consideration of adsorption.

Table 3. Summary of the Optimal and Near-Optimal Flowsheets Generated by Algorithm ABB

Flowsheets

Number of Operating Units or Subunits

rank gas strippers extractors centrifuges
adsorption
columns

distillation
columns

total cost
(103 US$/yr)

1 1 (G1) 0 0 2 (B3, B4) 2 (D21, D22) 5286
2 1 (G1) 0 0 2 (B3, B4) 3 (D27, D28, D29) 6042
3 1 (G1) 0 0 2 (B3, B4) 2 (D7, D8) 6062
4 1 (G1) 0 0 2 (B3, B4) 2 (D25, D26) 6081
5 1 (G1) 0 0 2 (B3, B4) 2 (D5, D6) 6257
6 1 (G1) 0 0 2 (B3, B4) 1 (D13) 7450
7 1 (G1) 0 0 2 (B3, B4) 2 (D11, D12) 7612
8 1 (G1) 0 0 2 (B3, B4) 1 (D14) 7694
9 1 (G1) 0 0 2 (B3, B4) 2 (D9, D10) 7893

10 1 (G1) 0 0 2 (B3, B4) 2 (D17, D18) 7939

4204 Ind. Eng. Chem. Res., Vol. 45, No. 12, 2006



the comprehensive flowsheet and the optimal and near-optimal
flowsheets. This attests to the efficacy of the methodology that
is adopted.

2. Evaluation of Generated Flowsheets.Table 3 lists, in
ranked order, the top 10 flowsheets generated on the basis of
their total costs. The top 10 flowsheets are also compared
graphically in Figure 4. The optimal flowsheet is noticeably
less expensive than the four flowsheets ranked second through
fifth, which, in turn, are substantially less expensive than the
five ranked sixth through tenth. Table 3 also reveals that, similar
to the results obtained in our previous paper,13 the differences
in the costs among the top 10 flowsheets can be attributed to
the differences in the configurations of distillation columns
downstream beyond G1, B3, and B4.

None of the top 10 flowsheets contains the extracting,
centrifuging, or azeotropic-distillation units. The total cost of
the optimal flowsheets5.286 million U.S. dollarssis 756 000
U.S. dollars (12.5%) and 2.653 million U.S. dollars (33%) less
than those of the second and tenth best flowsheets, respectively.
Therefore, there are only slight differences between the cost of
the second-best flowsheet and those of the third-best (20 000
U.S. dollars, 0.3%), fourth-best (39 000 U.S. dollars, 0.6%) and
fifth-best (215 000 U.S. dollars, 3%) flowsheets. The difference
between the costs of the fifth-best and sixth-best flowsheets is
appreciables1.183 million U.S. dollars, or 16%. The cost
differences among the sixth-best through tenth-best flowsheets
are indeed small.

The optimal flowsheet consists of Gas Stripper G1, Adsorp-
tion Columns B3 and B4, and Distillation Columns D21 and
D22. The configuration of these two distillation columns for
separating butanol (B), ethanol (E), and acetone (A) from each
other is referenced in our previous paper13 as the complex-
direct.52 The configurations of the two distillation columns in
the second- and third-best flowsheets are referenced in our
previous paper13 as complex-Petlyuk type IIIb and simple-
indirect, respectively.52 Naturally, the cost of the complex-
Petlyuk type IIIb configuration is lower than that of the simple-
indirect configuration; moreover, both costs are higher than that
of the complex-direct configuration of the distillation columns
in the optimal flowsheet. The cost differences among the top
10 flowsheets can mainly be attributed to the difference in the
configurations of the distillation columns separating B, E, and
A from each other.

3. Sensitivity Analysis. A sensitivity analysis has been
undertaken by perturbing the collective cost, or simply cost, of
adsorbing units (adsorption columns) B3 and B4 and the

concomitant centrifuging unit, which are incorporated into the
process for retrofitting. This cost can vary substantially,
depending on the supplier, location, and time. Thus, the cost is
perturbed widely from-20% up to as much as+350%.

No changes in the structures of the optimal and near-optimal
flowsheets, including the best 10 and their rankings in terms of
cost, are discernible when the perturbation of the cost is<200%.
Only when the cost perturbation exceeds this magnitude does
the existing flowsheet become barely competitive with the low-
ranking near-optimal flowsheets resulting from retrofitting.
These results seem to indicate that the retrofitting through the
incorporation of the adsorbing units and the concomitant
centrifuging unit indeed results in robust optimal and near-
optimal flowsheets that are superior to even the existing
flowsheet, which is optimal.

4. Comparison with Flowsheets Comprising Only Con-
ventional Operating Units. The top 10 flowsheets listed in
Table 3 are markedly different from those generated in our
previous paper with only conventional operating units,13 i.e.,
without adsorbing units. The marked cost reduction of the top
10 flowsheets is attributable to the replacement of Extractor
E1 and Solvent Stripper S1 with Gas Stripper G1, and
Adsorption Column B3 and Adsorption Column B4. The total
cost of the optimal flowsheet, 5.286 million U.S. dollars, is 4.130
million U.S. dollars (44%) less than that of the optimal flowsheet
generated in our previous paper.13 In fact, even the total cost of
the tenth-best flowsheet, 7.979 million U.S. dollars, is 1.477
million U.S. dollars (16%) lower than that of the optimal
flowsheet generated in our previous paper.13

5. Effect of Inclusion of Adsorption. The newly generated
top 10 flowsheets indicate that the incorporation of the adsorbing
unit (Unit 25), which comprises Adsorption Column B3 and
Adsorption Column B4, reduces the cost immeasurably. None,
however, contain the adsorbing unit (Unit 24), which comprises
Adsorption Column B1 and Adsorption Column B2.

Water (W) and suspended solids constitute the major fraction
of the fermentation broth. Gas Stripper G1 preceding Adsorption
Column B3 and Adsorption Column B4 removes the massive
amount of W and almost all solids as the bottom liquid stream
from the fermentation broth. The feed to Adsorption Column
B3 and Adsorption Column B4 is the vapor stream from Gas
Stripper G1, which is only a small fraction of the original
fermentation broth, thus substantially reducing the equipment
size.

In contrast to Adsorption Columns B3 and B4, the inclusion
of Adsorption Columns B1 and B2 are not advantageous, from
the cost standpoint. Adsorption Columns B1 and B2 receive
feed at a rate of 789× 103 kg/h, which is∼22 times larger
than Adsorption Columns B3 and B4 (34× 103 kg/h).
Moreover, the inclusion of Adsorption Columns B1 and B2
necessitates the addition of Centrifuge C1 to remove insoluble
solids from the high-volume feed, thereby incurring additional
cost. Naturally, the incorporation of Adsorption Columns B1
and B2 dramatically magnifies the cost of the flowsheets; as a
result, these two adsorption columns are totally excluded from
the list of the optimal and near-optimal flowsheets.

Conclusions

The proposed holistic approach represents a novel and robust
paradigm for optimally retrofitting the downstream processing
system of a biochemical production process. This holistic
approach, which requires the total re-synthesis of the system’s
network structure, is rooted in the highly efficient and robust
graph-theoretic method for process-network synthesis based on

Figure 4. Comparison of the total costs of the top 10 flowsheets with the
inclusion of adsorption considered.
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process graphs (P-graphs). The approach’s development is
dictated by the fact that any change implemented in retrofitting
downstream processing systems, especially at their upper
segment, has a tendency to propagate throughout the system,
because of its inherent or unique sequential structural feature.
Naturally, this approach is applicable to many other chemical
processes that share the same structural feature.

The approach generates a set of optimal and near-optimal
retrofitted flowsheets in ranked order, in light of a specific
objective function (namely, cost) in the current work. The
availability of multiple ranked retrofitting options is indeed
advantageous: One or more of the options may be found
infeasible or unsustainable if the retrofitted system is scrutinized
or assessed by taking into account other criteria and constraints,
such as stability, controllability, and environmental, societal,
and regulatory constraints.
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