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Process integration is more than just
pinch technology and heat exchanger networks.
Today, it has far wider scope and touches
every area of process design. Switched-on
industries are making more money from their
raw materials and capital assets while becoming
cleaner and more sustainable.

n the past, the major research emphasis in process de-
sign has been placed on the anadysis, or smulation of
processes. The synthesis of processes or process inte-
gration has, in comparison, received little attention.
However, thisis all changing. Until recently, process inte-
gration was virtualy synonymous with pinch analysis and
energy integration. However, over the past few years, there
have been two significant trends that change this picture.
First, awider range of solution techniquesis now used.
Rather than using only thermodynamic, or pinch meth-
ods, the advantages of mathematical programming and
optimization have been combined. The insights from ther-
modynamics have been retained and combined with the
power of mathematical methods for data handling, opti-
mization and automatic design. The approach used as far
as possible is to develop a deep understanding of the
physical principles underlying problems, and only then to
develop practica methodologies that employ the neces-
sary mathematics.
As a resault of the first trend, a much wider range of
problems can now be addressed. Process integration can
now be considered to cover four major areas — efficient
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use of raw materias, energy efficiency, emissions reduc-
tion, and process operations. From these four research
aress, we can see that process integration is far more con-
cerned with material (mass) processing issues than in the
past. Mass integration and energy integration, in fact, com-
plement one another. This article will discuss how the two
subjects are brought together in the latest research and de-
velopment at UMIST.

Efficient use of raw materials
a) Design of nove reactor systems

For the design of industrial reactors, the most appropri-
ate choice of configuration and mixing pattern, arrange-
ments for feed and recycling of raw materials, and ar-
rangements for handling the energy effects in the reaction
system, have a critical effect on the performance of the re-
actor, and the process as a whole. The problem is made
more complex by the fact that many reactors involve
multiphase systems.

Design choices are often made on the basis of past ex-
perience or trid-and-error using laboratory tests and re-
peated smulation. Very often, a reactor is chosen because
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formance targets, predicting the maximum yield I l

and selectivity for a given reaction system with its
catalyst (1). The technology was developed specif-
icaly to addressindustria reactor problems, rather
than academic ones.

Yield = 69.5%
Volume = 16 m3

Yield = 73.8%
Volume = 12 m3

Yield =72.2%
Volume = 12.1 m3

This method owes far more to mathematics
than to thermodynamics and is a good illustration
of the use of newer tools. A superstructure con-
sisting of generic reactor units and a network of intercon-
nected streams that account for different layouts, arrange-
ments and mixing patterns is created. This is then subjected
to stochastic optimization or mathematical programming to
give atarget for the theoretical best performance (e.g., con-
version, yield, selectivity, cost, etc.). However, many physi-
cal insights must be included in the problem formulation to
obtain solutions.

Even the most complex systems can be analyzed, involv-
ing multiphase reactors and complex hest-transfer arrange-
ments. When dealing with multiphase systems, a network is
constructed for each phase and these are linked using an un-
derstanding of mass transfer. The mixing patterns and heat-
transfer arrangements associated with the target provide the
basis for the design to achieve the goal. Optimum catalyst
distribution patterns can also be predicted. For new process-
es, the technology is capable of identifying the optimal reac-
tor configuration and operation. For existing processes, it can
be used to determine the potentia for modifying the design.

The application of the technology leads to the develop-
ment of novel reactor schemes that would be virtualy impos-
sible to derive using an approach based on tria-and-error.
The technology has either led to designs with significant im-
provements in the yield of the process when compared with
those based on conventional reactor designs, or reduced capi-
tal investment. This approach does not simply give one solu-
tion as being “the optimum.” Rather, it provides the designer
with arange of targets and design options.

The power of the approach can beillustrated with a study
involving the chlorination of butanoic acid to form
a-monochlorobutancic  acid (MBA) and an undesired
byproduct, a-a-dichlorobutancic acid (DBA). The objective
isto maximize the yield of MBA. Thisis a difficult problem
because first, there are two phases — gas and liquid — and
second, the reactions and kinetics are complex. Further de-
tails are given elsawhere (2).

Let us consider the performance of three of the most
widely used conventiond gag/liquid reactors, namely: a
packed-bed reactor, a mechanically agitated reactor and a
bubble-column reactor (Figure 1). The mechanically agitated

m Figure 1. Conventional reactor performance for the chlorination of butanoic acid.

reactor has the apparent highest yield at 73.8% and would
probably be selected for the application. However, optimiz-
ing the problem using the new methods — and without any
commitment to a preferred- or conventiona-reactor type —
gives the design shown in Figure 2a. This has an MBA yield
of 96.9%, which is a step-change in performance, compared
with the conventional designs. Note the reactor volume is
smaller than those of the conventional designs. Of course, the
design in Figure 2ais an ided situation, which must then be
trandated into a workable design. Two possible practical de-
signs are shown in Figure 2b.
b) Design of reactor-separator-recycle systems

In most chemical processes, the effluent from the reactor is
separated into products, byproducts and unreacted feed. The
unreacted feed can be recycled back to the reactor system.
Until recently, very few systematic procedures have been pro-
posed for the synthesis of reactor-separator-recycle systems. A
newly developed approach proposes a general superstructure
of different reactors and separation tasks and features dl the
potentia interconnections among the proposed units. The ap-
proach has highlighted the importance of the coupling be-
tween the reaction and the separation system and confirmed
the potential benefits of an integrated approach (3).
¢) Reactive didtillation

Reactive didtillation not only removes a step in a flow-
sheet by carrying out two operations in one unit, but also al-
lows reactions with unfavorable equilibria to achieve higher
reactor conversions and to improve reaction selectivity. The
design issues in reactive distillation are much more complex
than in conventional ditillation. Both homogeneous and het-
erogeneous catalysts can be used. In some applications, the
whole column is reactive. In others, only part of it is reactive
with conventional separation occurring in the non-reactive
zones. Many design options are possible with different feed
and product take-off arrangements. Intermediate heating and
cooling can be carried out and recycles between different
parts of the arrangement might be advantageous. This re-
search identifies the optimal structura configuration and op-
erating conditions for reactive digtillation (4). Again, a more
mathematical approach is adopted to ded with the complexi-
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m Figure 2. A novel solution shown as (a) network representation and (b) real reactor systems.

ties of such problems, incorporating physical insights into the
problem formulation.
d) Design of solvent-based separations

Previoudy, the selection of solvents has normally been left
to experience or trial-and-error. A new agpproach has been de-
veloped for designing separation agents (5). Representing ma:
terids as a combination of functiona groups identifies
promising molecular structures. The most appropriate combi-
nation of functional groups is optimized to give materia with
the most desirable properties. Once a solvent has been select-
ed, aflowsheet structure needs to be devel oped. The appropri-
ate configuration with its recycles has a profound influence on
the efficiency of the process and the potential for solvent loss-
es. Systematic methods are being developed for the design of
such solvent-based separation processes. This includes the de-
sign of optima mass-exchange networks, which are systems
of separators that use mass-separating agents to selectively
transfer certain species from process streams (6, 7).
€) Hydrogen integration in petroleum refining

Until recently, hydrogen availability was not amgjor issue
for most refineries. In fact, many plants had hydrogen to burn
... literally! Most hydrogen systemsin existing refineries fea
ture little or no integration. Several trends in the oil industry
are leading to an increased demand for hydrogen in refineries
and this changes the picture drastically. First, stricter legida
tion on sulfur content in fuels increases the need for hy-
drotreating. At the same time, regulations on gasoline aro-
matics composition are constraining reformer operation and
removing some of the sources of hydrogen traditionaly
available to refineries. Second, the move to processng of
heavier crude oils and the reduced market for heavy fuel oil
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isforcing greater use of hydrocracking for upgrading. Simply
increasing the throughput of a refinery will also lead to in-
creased hydrogen requirements, with the existing hydrogen
production capacity often being a bottleneck.

A methodology has recently been developed for assessment
of hydrogen resources, based on an andogy with the problem
of process hest recovery (8). This method constructs hydrogen
composite curves, showing the demands and sources of ondte
hydrogen in terms of stream purities and flowrates (Figure 3).
This is used to congtruct a hydrogen surplus diagram (Figure
4), which is andogous to the grand composite curve for energy
systems. This diagram dlows the engineer to find the “hydro-
gen pinch” and to set targets for hydrogen recovery, hydrogen
plant production and import requirements.

This method aso gives indghts into the effective use of
hydrogen purification units. It has been shown that a purifica
tion unit (eg., a pressure-swing adsorber, a membrane or a
cryogenic separator) should not be placed below the hydrogen
pinch. Purifying gas above the pinch may have some benefits,
but placing the purifier across the pinch is the best option (8).

The pinch approach is useful for conceptual purposes, but
has some limitations when applied to real systems. For exam-
ple, it does not take account of stream pressures, and thus as-
sumes that any source can be fed to any sink, even if thereis
insufficient pressure. An improved approach has recently
been developed (9) that can account for pressure and makes
best use of the existing compressors in a refinery. This
method is mathematically based and can account for all im-
portant costs and tradeoffs including hydrogen production,
compression power, fuel value, and piping costs. It is well
suited to both new design and retrofit studies.
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m Figure 4. The hydrogen surplus diagram is used to target the minimum
supply requirement. The dashed profile shows the existing case, which is
unpinched (i.e., uses excess hydrogen). The supply flowrate is reduced until
the surplus diagram just touches the vertical axis (i.e., becomes pinched).
This is the minimum feasible flowrate.

The new technology can be used to achieve several objec-
tives. First, it can be used smply to save hydrogen, and
hence reduce the costs associated with its production. It can
also be used to meet new fud specifications with aminimum
level of capitd investment. Similarly, it can be used to in-
crease the refinery throughput, as well asto provide the flexi-
bility to process various oils and to change the product spec-
trum for improved profitability.

f) Integrated combined cycle gasification processes

As a result of the worldwide trend towards stricter envi-
ronmental regulations and increased demand for better quali-
ty products, integrated-gasification-combined-cycle (IGCC)
technology has become an attractive option for the refining
industry. Gasification converts the “bottom of the barrel” into
valuable products such as hydrogen, clean fuel, and power.
The major issues involved to establish an IGCC as an eco-
nomicaly viable process include selection of the best IGCC
feedstock and better use of existing facilities. Methods have
been developed to identify and remove bottlenecks to en-
hance throughput, and also to optimize the unit connections,
alocation of utilities and operating modes. This is amed at
increasing refinery economic margins.

Energy efficiency

Much work in this area involves separation systems, with
digtillation being the most significant. Others are ill con-
cerned with heat recovery and utility systems, but now make
far more use of mathematica methods than was previoudy the
case. Speciaized methods for retrofit have been developed.

a) Design of complex digtillation systems

It has become clear in recent years that complex column
arrangements can significantly reduce distillation costs com-
pared to systems comprising only simple columns (columns
with one feed and two products). Complex arrangements in-
clude pre-fractionators (and pre-flashes), side strippers, side
rectifiers and fully thermally coupled (Petlyuk and dividing
wall) columns. Once these options are included, the number
of possible configurations to be considered explodes, and
solving the problem by exhaustive enumeration becomes out
of the question, even for small numbers of products. In addi-
tion, if thermal coupling is applied, this introduces further
constraints into the problem.

A screening method has been developed that alows
promising structures to be synthesized for distillation systems
ahead of any detailed design or simulation. It alows system-
aic development of performance targets and automated de-
velopment of novel designs (10).

This approach is based upon a new representation, which
incorporates al possible design alternatives. Figure 5 shows
how this representation is used to synthesize sequences of
simple columns to separate out five components. Note that
discrete “tasks’ are used instead of units and/or networks. All
possible smple-column segquences can be generated from this
representation. For example, the direct sequence (i.e., where
the lowest-boiling component is removed in each column) can
be generated by sdlecting tasks 1, 8, 15 and 20, in that order.

As shown in Figure 5, complex column configurations
can be derived by forming hybrids of separation tasks. This
can be extended to systems performing sloppy or non-sharp
separations by including more tasks in the hybrids. Where
column pressure is another degree of freedom, this can be
dedlt with by introducing clone tasks at discrete pressure lev-
elsfor all smple and hybrid tasks.

The reason for using the task representation is that a com-
bination of tasks (supertask) is easier to model than a com-
posite network of sequences. Also, the number of possible
tasks increases much dower than the number of possible se-
guences when the number of components to be separated in-
creases. This prevents the problem size from exploding.

Shortcut column calculations and cost correlations are
used with a mixed-integer linear program (MILP) to generate
a spectrum of cost-effective designs. Both capital and operat-
ing (energy) costs can be considered in the objective func-
tion. Promising structures can then be subjected to more de-
tailed smulation and design.

A case study supplied by M.W. Kellogg will be used for
illustration. This problem involved the separation of the ef-
fluent from a catalytic reformer. There were 22 components
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m Figure 5. A five-component separation problem shown as a task representation. Tasks can be merged to form hybrids to allow for complex configurations.

in the mixture and the product streams were aso to be
multi-component. The new method generated the spectrum
of design alternatives (Figure 6) in under two minutes of
computer time, even though the number of components was
large. The solutions are ranked in terms of energy cost, and
it can be seen that they all offer significant benefits over the
best sequence of simple columns. This

fear of control and operational problems. New design meth-
ods have recently been established (12) for fully thermally
coupled designs that optimize the design for minimum energy
consumption and alow initiaization for rigorous simulation.
They aso consider the heat integration potentia of the config-
urations, aswdll as the implications for contral.

approach has also been applied to sub-
ambient systems, such as ethylene cold-
end separation, to give significant reduc- A
tions in the refrigeration shaftwork re-
quirements (11).
b) Dividing-wall distillation columns
The dividing-wdl column is a fully
thermally coupled design, which com-
bines a prefractionator with a main distil-
lation column in asingle shell. It has been

established that energy savings of 30%
are typical because of the prefractionation
effect. In addition, the dividing-wall col-
umn can, in new designs, save up to 30%
of the capital cost compared with a con-
ventional arrangement. Despite these ben-
efits, industry has largely been reluctant to
exploit this technology because it is un-

1 2 3
A A
A Cl la Cl la G
B B B
G D C C B
D D D
E B E B E
D D
E E E
Order of Simulation Energy Cost
Solutions | Best Simple Sequence=100%
1 74%
2 80%
3 82%

conventiond. Until recently, there was a

lack of reliable design procedures and a ™ Figure 6. Spectrum of design options for the catalytic-reformer effluent separation problem.
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m Figure 7. A total site in which a number of processes are linked to the same utility system.

) Separation of azeotropic mixtures

Many industrial distillation problems involve mixtures
that form azeotropes. Severa methods can be used to break
the azeotrope, of which the most common is to add a mass-
Separation agent, known as an entrainer. The choice of en-
trainer depends on the phase-equilibrium behavior of the sys-
tem. Pioneering work in the area of azeotropic distillation de-
sign includes that of Doherty, Stichimair, Wahnschafft and
others. A comprehensive review is given by Widagdo and
Seider (13).

More recent work at UMIST (14, 15) has developed auto-
mated design methods for the synthesis of azeotropic-distilla
tion sequences. These consider mass-transfer rates, as well as
equilibrium, and can create new possibilities for column se-
quences that require less energy and lower entrainer flows.
The techniques developed can be applied to any mass-transfer
model or method of azeotropic-distillation sequence design.
d) Thermodynamic analysis of distillation

Once the structure of the separation sequence has been de-
termined, thermodynamic analysis can be applied to individu-
al separators to improve both their inherent efficiency and
their heat integration potentia (16). The methods can now be
applied to dl types of column design, including columns with
multiple feeds and side-draws and side gtripperd/rectifiers.
Even the most complex arrangements, such as those used in
petroleum refining, can now be analyzed (17).
€) Design of absorption separation systems

Physical absorption is the most commonly used aterna
tive to ditillation for the separation of light gases. Chemical
absorption is an important operation for the separation of
acid gases. New arrangements have been developed for the
separation of acid gases to achieve extremely low outlet con-
centrations at low capital and energy cost, removing the need
for downstream treatment (18). These include several differ-
ent double-loop arrangements.

tance and must be considered across the

site as a whole, even if this crosses the

boundaries of different business arees.

Total-site pinch analysis provided an overal picture of the
site and utility system (2), and alowed targets to be set for
utilities, fuel, emissions, cooling and cogeneration. This ap-
proach, however, does not completely account for the inter-
actions between improved heat recovery on an existing site
and the efficiency of cogeneration. A new site revamping
methodology, top-level andysis (19), has recently been de-
veloped to achieve this.

The original methods for site analysis required heat ex-
change data for every individua process and the data extrac-
tion for the entire site, which could take severa months to
obtain! Also, the methods often led to projects that could not
be implemented because of congtraints in the utility system.
Findly, an expert user was needed to carry out the analysis.

In top-level andysis, the problem is literaly flipped up-
side-down and uses the following strategy:

» Start with the utility system to establish the scope for im-
provement and economic directions in terms of specific en-
ergy saving targets, then

* Use the economic directions to undertake process heat-ex-
changer network retrofits and identify projects with mini-
mum capital investments.

The procedure requires only utility datato begin with, which
can usudly be gathered in a matter of days. Once this has been
obtained, the analysis then looks a the benefits that would be
achieved by saving acertain utility (for example, steam at a par-
ticular pressure) in the processes. These energy savings cannot
be directly converted to fuel savings, and therefore cost savings
asthey can result in lower power generation on the Ste. There-
fore, the trade-off between fuel consumption and power genera-
tion needs to be studied.

To illustrate, consider the utility system shown in Figure 8.
We would like to know the benefit of saving an amount, Q;, of
high-pressure (HP) steam. As the diagram shows, this would
result in asurplus of Q in the HP steam header. There are two
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m Figure 8. Saving Qp of HP steam means that there is a surplus in
the steam header. How can we best exploit this surplus?

ways to exploit this surplus. It can either be saved (giving a
fuel saving), or it can be used to generate extra power. Which
is the better option will depend on fud costs, power costs and
the efficiency of the power-generation equipment. All the pos-
shble heet flow paths in the utility system are then analyzed,
and the surplus hest is shifted among these paths to find the
most efficient option (Figure 9). Note that limits on the utility
system hardware are included here.

This analysis is carried out for al the utility levels and
the results used to construct afinancia benefits chart (Figure
10). This sets out which steam levels are worth saving. It
gives the maximum potential and financial benefit for saving
steam and also includes the turbine performance and limita-
tions. In the diagram, we see that HP steam is the most
worthwhile to save and that a maximum saving of 30 t/h is
possible or economic. We see that we should then turn our
atention to saving medium-pressure (MP) steam, this time
up to 35 t/h. It aso shows that saving low-pressure (LP)
steam is not worth much, especidly if the existing conden-
sate return-system is efficient.

Having found the correct directions, we can then extract
the hest-exchanger-network data judicioudy. We need only
consider processes using HP and M P steam. Bearing in mind
that heat-exchanger-network data are by far the most time-
consuming to gather, this approach can save weeks or
months of effort. Once this is done, methods exist for achiev-
ing the steam savings, either by switching steam in utility ex-
changers or by improving the process heat recovery (20).

New tools have also been developed to determine the
most appropriate number and levels of steam for the site, and,
simultaneoudly, the most appropriate cogeneration system of
steam turbines and gas turbines. The total site technology can
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be used to reduce operating costs for an existing system, to
determine and assess new investment proposals or to provide
long-term investment plans for the infrastructure to alow for
projected changes in the pattern of production.
0) Design of cooling-water systems

The use of recirculating cooling-water systems is the most
common method employed to reject waste heet to the envi-
ronment. The mgjority of designs use networks of cooling-
water coolers that operate in paralel. Novel arrangements
allow lower recirculation rates and better cooling tower per-
formance. In debottlenecking situations, where cooling tower
capacity is limiting, it can dlow increased throughput without
investment in new cooling tower capacity. New methods have
been developed for the design of cooling networks. Coupled
with new models for the cooling tower, the interactions be-
tween the design of the cooling tower and the cooling network
can now be explored systematically.
h) Design of low-temperature systems

The operating costs for low-temperature (sub-ambient)
processes are usualy dominated by the cost of power to run
the refrigeration systems. New methods have been devel oped
recently to predict power requirements for refrigeration sys-



tems prior to design to within 3% of a detailed simulation.
The approach works for al refrigerant fluids and for all of the
complex features found in refrigeration systems (e.g., multi-
ple levels, subcooling, economizers, pre-saturators, interme-
diate heat rejection, etc.). Multiple levels of refrigeration and
cascaded systems can also be considered. Even mixed-refrig-
erant compositions can now be optimized to achieve mini-
mum power in mixed-refrigerant systems (21).

i) Automatic design of heat-exchanger networks

It is wel-known that rigidly following the pinch design
method for heat-exchanger networks can lead to designs that
are overly complex and potentialy difficult to operate and con-
trol. Thisis not surprising, since the pinch method is based on
thermodynamics only and is essentidly aimed at minimizing
energy consumption. It is difficult to include consderations,
such as congraints and equipment limitations, in a thermody-
namic approach, and it is understood that the design method
would need to be tempered with an engineer’s insight, judg-
ment and common sense. Some attempts have been made to
modify the pinch method, but these were all essentidly ill
thermodynamic methods and suffered from the same inherent
limitations. Incorporation of mathematical optimization was
needed to avoid letting the “pinch” pinch us. The challenge has
been to do this without |etting the numbers crunch us.

A new, practical method has been developed for the auto-
mated synthesis of new heat-exchanger networks. This ap-
proach is based on a concept known as block decomposition
(22). This concept uses physical insights from pinch analysis
and decomposes the composite curves into a number of
blocks, such that the streams in each block have similar
characteristics. Each block will usually encompass severa
sections of the composite curves. In each block, a super-
structure represents the possible matches between streams.
As a result, the combined superstructure for the overall
problem is much simplified, and thus the dimensions of the
mathematica models are greatly reduced. The superstruc-
ture is then subjected to optimization, which alows the auto-
matic generation of optima or near-optimal networks with a
low number of units.

This new technique not only significantly enhances design
capability, but also alows for interaction. The designer has
full control over network complexity to avoid impractical de-
signs. In addition to trading off energy and capital costs, the
new method allows for multiple utilities, constrained match-
es, variable heat-transfer coefficients and different cost laws
for exchangers, producing designs that combine low costs
with simple structures.

j) Retrofit of heat-exchanger networks

Traditional industrial practice has been to use pinch analysis
concepts, or avariation of these, to retrofit heat-exchanger net-
works. However, thisis not ideal as these methods in one way
or another treat retrofit as a “pseudo” new design. This does
not account for the exigting layout and equipment limitations.

New methods have been developed that are quite differ-
ent from previous approaches in that the design starts from

the existing network, rather than from the stream data. New
approaches to retrofitting have been devel oped that automate
the procedures using a combination of thermodynamics and
mathematical programming. One approach that has been
successfully applied in industry locates the network pinch,
which is the bottleneck on heat recovery in the existing net-
work structure (23). This is not the same as the original
pinch and actually corresponds to a heat-exchanger unit in
the system. Structural changesto the network are required to
overcome the network pinch. The retrofit design proceeds
one modification at atime from the existing network (23). In
this way, the designer can develop retrofit projects in full
control with the number of network changes (e.g., adding a
new exchanger, exchanger relocation, stream splitting etc.)
kept to a minimum.
k) Heat-exchanger-network design using
intensified heat transfer

Heat-transfer operations can be intensified through the use
of compact heat-exchangers and the use of heat-transfer en-
hancement techniques in conventional exchangers. The use
of heat-transfer enhancement in heat-exchanger-network
retrofit is well established. Retrofits often call for increased
heat-transfer area on existing units, which can, in principle,
be achieved using heat-transfer-enhancement techniques. We
are now able to examine the use of intensified heat transfer as
part of the overall approach for network design, such that it is
used in acompletely systematic way (24).
I) Power station design

The design of stand-done power plants is significantly
different from the design of cogeneration power plants. In the
design of stand-alone plants, the efficiency of power genera-
tion is of paramount importance, and even small percentage
improvements are important. Such a design is normally car-
ried out by experienced power-station designers, making ex-
tensive use of simulators to evaluate designs. A new system-
atic methodology has been developed that uses a combina
tion of thermodynamic analysis and mathematical program-
ming for the conceptual design of power stations. Both new
design and retrofit are considered. Applications have includ-
ed gas-turbine integration into existing power stations (25).

Emissions reduction

These days, it is not possible to work in the chemical pro-
cess industriesand not have to consider environmenta is
sues. CFC's, globa warming, acid rain, carbon taxes and
water pollution are but afew of the issuesthat are recognized
as being critical.
a) Water system design

In the past, water has been assumed to be a limitless low-
cost resource. However, there is now increasing awareness of
the danger to the environment caused by over-extraction of
water. As a consequence, the price of freshwater for the pro-
cessindustriesis escalating. In somelocations, it is likely that
future increases in its use will be restricted. At the sametime,
the imposition of ever-sricter discharge regulations has driv-
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en up effluent-treatment costs, requiring capital expenditure
with little or no productive return. There is now considerable
incentive to reduce both freshwater consumption and
wastewater generation.

Water consumption can be minimized by maximizing the
reuse of water. The gpproach is based upon analogies between
heat transfer and mass transfer. Figure 11 illustrates how vari-
ous water-using processes can be combined to give a compos-
ite curve for the whole system, alowing targets to be set for
minimum water supply. These targets can be met by following
certain rulesthat give anetwork design (Figure 12).

This conceptua work opened up an entirely new chapter for
pinch analysis, but the origina approach very rapidly ran into
problems. Firgt, it is difficult to extend this method to ded with
multiple components. The two-dimensiona graphica method
works very wdll for heat transfer where there is only one trans-
ferred quantity (namely energy), but red water-systems feature
severd speciesthat are transferred smultaneoudly.

Also, flowrate congtraints (i.e., processes that demand a
fixed or minimum flowrate) are aso difficult to account for.
Another problem is that of operation modeling. Some opera-
tions, for example absorbers, can be modeled as having a
fixed mass-transfer load. However, other operations, such as
reactors or hosing operations cannot be modeled as primarily
mass-transfer operations. Add to this the need to include
practical congtraints (e.g., forbidden matches, forced match-
es, complexity congtraints, etc.), as well as capital costing
(e.g., for pipes, sewers, treatment plants, etc.), and the smple
water pinch approach simply cannot cope.

A recently developed approach uses mathematical pro-
gramming. Firstly, each water-using operation is described
by a model, which can be different for different contami-
nants. Then, a superstructure containing all possible con-
nections is set up as shown in Figure 13a. Note that this
structure includes all conceivable use, reuse, recycling and
discharge alternatives. This is then optimized as a mathe-
matical program, which is usually a combination of an
MILP and a non-linear program (NLP). This gives an opti-
mum network design as in Figure 13b. Details of the opti-
mization are given elsewhere (26). This approach can han-
dle all of the difficulties mentioned earlier, which the pinch
approach could not. Further, the use of mathematical pro-
gramming does not mean that the insights
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m Figure 11. In the graphical water-pinch approach, the individual opera-
tions are combined to give a composite curve. The minimum water target is
given by the inverse slope of the steepest line that can be drawn against the
composite curve.

minimization (27). These consider isotherma and non-
isothermal mixing of water streams with indirect heat recov-
ery to ensure that energy and water targets are met with the
simplest possible design.

Effluent treatment can also be handled. A similar approach
can be used to design optimum treatment processes for a set
of effluent streams. The essence of the method is to use dis-
tributed treatment instead of centraized trestment. In this ap-
proach, effluent streams are combined for trestment where
necessary, but segregated if appropriate. This can reduce the
volume to be treated and hence the cost.

More recent work has considered the water-use and trest-
ment networks as one total water system. This is important
because water treatment does not have be limited to effluent
streams. A treatment process can be used instead to regenerate
water, so that it can be reused or recycled within the water-use
network. Once again, a superstructure approach is used, but
thisis now a far more comprehensive and complex structure.
Asbefore, dl relevant costs and constraints can be included.
b) Minimization of flue-gas emissions

Environmental concerns now require that the flue-gas
emissions resulting from the supply of energy to processes
should be minimized. A method now exists for a Site utility-
system design to meet the appropriate discharge regulations
at minimum cost (28). This uses a combination of physical
insights and mathematical programming, and is used to find
the best strategy, which will be a combination of: changing
fuel, modifying the utility system, process changes, improved
heat recovery, cogeneration and chemical treatment. The em-
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m Figure 12. One possible network design to meet the target of 90 t/h.
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phasis is on achieving flue-gas limits with lower capital in-
vestment compared with conventional approaches, and po-
tentially making operating cost savings at the same time.
Both new designs and retrofits are considered.

Process operations

Early process integration work was concerned largely
with conceptual design and did not really concern itself with
day-to-day operations and planning. Now, however, major
contributions have been made in these areas too.
a) Process optimization for commodity chemicals

A significant problem with the design and optimization of
commodity-chemical processesis that the prices of feeds and
products fluctuate over time. This project provides an analy-
sisthat is simpleto carry out and can be used to design flexi-
ble processes that achieve maximum profitability under a
wide range of conditions. Variations in prices are represented
in asmple, graphical manner that rapidly identifies the eco-
nomic conditions that a process is likely to encounter, while
diminating the need for price forecasts. This can be used to
suggest aternative designs that offer flexibility if certain con-
ditions are likely to occur. It can also be used to find the opti-
mum capacity for a new plant and the optimum size of ex-
pansion for an existing one (29).
b) Refinery optimization and debottlenecking

A petroleum refinery is extremely complex. Profitable op-
eration of a refinery requires an optimization of stream flows
and process feeds. Most crude oils offer considerable flexibili-
ty in cut points, and many refineries are dso able to handle a
number of different crude oils. The optimization of the stream
flows is constrained by the capacities of the equipment and by
the desired specifications of the products. A new methodol ogy
has been developed involving three levels of analysis and op-
timization that takes into account all of the utility and process
interactions (30). The refining processes, heat-exchanger net-
works, utility systems and hydrogen networks are dl consid-
ered as one system. The aim is not Smply to save energy or
hydrogen, but rather to use these more efficiently to improve
profitebility. This can take the form of throughput increases,
better product dates, or reduced feedstock costs.

Current operations arefirst optimized usng modds of the op-
erationsthat dlow for discrete (on/off) effects, aswell as contin-
uous changes. The second level identifies mgjor bottlenecks and
near-bottlenecks. Thethird level provides a strategy for debottle-
necking by congdering changes in operating conditions, trans-
ferring bottlenecks from expensve to less-expensive equipment,
and making structurd changes. The optimization provides an in-
vestment grategy for the short, medium and long term.
¢) Optimal scheduling, design, and operation
of batch processes

The technology for the scheduling and planning of batch
operations should, in general, take account of many issuesin
the supply chain. These include; the supply of raw materials,
through to the process units to be used in the manufacturing,
the storage and packaging operations, the transportation sys-
tems used for ddlivery of the products and the delivery sched-
ules for the customers. A novel method has been developed
to solve such problems (31). It uses system information and
unique representations that exploit the process logistics, re-
sulting in dramatic improvements in the potential of the
mathematical methods. It is capable of providing rapid solu-
tions, where conventional technology completely fails.

d) Operability of cogeneration and site utility systems

Variation in operation is the “norm” for many processes.
Such variations may be the result of a different feed, change
in the operating conditions, decrease or increase in through-
put, shutdown of units for maintenance, etc. These variations
will create fluctuating demands on the utility system, which
must handle these changes in a cost-effective way. The de-
sign of gte utility systems can now take account of opera-
tiond variations (32). Optimized maintenance schedules for
the utility system can also be developed.

Applications in the real world

The challenge with research in process integration is a-
ways to ensure that it works in practice. The only way to
achieve thisisto follow research through to application. The
applications experience then needs to feed back into the re-
search. The Dept. of Process Integration at UMIST has
achieved this via the Process Integration Research Consor-
tium, a group of 30 major companies that sponsor the re-
search, and work closely with the researchers on the first ap-
plications of the new technology.

The Consortium provides considerable financial and techni-
ca support for the research program, and in return, receives a
number of sgnificant benefits, including speciaized software
packages. As this article has tried to emphasize, process-inte-
gration technology now makes significant use of mathematical
programming and optimization methods. The power of these
methods is undeniable, but they are virtualy impossible to
apply without the use of computer software. It is worth men-
tioning that several Consortium member companies, such as
AspenTech, Linnhoff-March, and Hyprotech, have developed
commercia packages based upon the research.

The close indugtrid links and feedback ensure that the re-
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search is practicaly oriented and is able to hep engineers to
solvered problems. Thisdam can be backed-up by theimpres-
sivetrack record of industrial gpplications that follows below.
Pinch andysis itself has had an enormous amount of ap-
plication, with thousands of projects having been carried out
al over the world. Motivations have included energy cost
savings, debottlenecking for increased throughput and reduc-
tion in flue gas emissions (33). Companies, such as Shell,
Exxon, BP-Amoco, Neste Oy and Mitsubishi, have reported
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ty of the column and increased the middle ditillate yield by
50%, with a payback of less than one year and no operating
and control problems. In addition, the azeotropic-ditillation
techniques have been applied in severa successful joint pro-
jects with other members.

Although the reactor-system-design technology is very
new, it has aready seen two main applications. These were
both carried out jointly with UOP.

The new heat integration and utility system work has also
aready seen severa applications. Top-level analysis has had
successful applications even though it is relatively new. The
low-temperature-system design has been applied to ethylene
and LNG systems. The new hest-exchanger-network retrofit
methods are well-established and are now included in com-
mercia software packages. Powergen has collaborated on the
application of the power-station-design technology.

The water system design methodology has met with very
impressive success, with Unilever reporting reductions of 50%
in freshwater demand and 65% in wastewater production (34).

The newest member of the pinch family, hydrogen pinch,
has aready been taken on board by member companies, such
as AgpenTech, BP-Amoco, Engineers India, Exxon, ICI,
Linnhoff-March, M.W. Kellogg, and UOP. Hydrogen savings
experienced are typically hundreds of thousands, or even mil-
lions, of dollars per year. Alternatively, the hydrogen freed up
has been used to increase partial pressures in certain reactors
and enhance their conversion, yield, and selectivity, while in-
creasing catalyst life.

Findly, Mitsubishi Chemical Corp. reports that using the
new methods developed for process scheduling and supply-
chain optimization, the company “can reduce delivery cost by
20-30 million Yen (about $200,000 — $300,000) per year”
(35). These are only a few of the applications of the new
technology, but hopefully they will illustrate the diversity, in-
dustria relevance and practicality of process integration.

Challenges to wider use

Admittedly, process integration — especialy the newer
developments — has not been used as widely as it could be.
In this author’s view, the major barrier has been smply alack
of knowledge. People will not want something if they do not
know it exigtsl It is a pity to see that many people till think
of process integration as being only related to heat-exchanger
networks, as was the case in the 1970s and 1980s.

What are some of the future trends that can be expected?
Robin Smith, head of Dept. of Process Integration, makes
some interesting predictions (36). The first relates to the phi-
losophy of targeting before design. Current methods ill at-
tempt, where possible, to use a two-step approach to design.
Firgt, performance targets are set to scope and screen options.
Then, once the important options have been screened, a de-
sign method is used to achieve the targets. In the future, it
seems probable that the boundary between targets and design
will be blurred and that these will be based on more structural
information regarding the process network.
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Second, it islikely that we will see a much wider range of
applications of process integration. There is still much work
to be carried out in the area of separation, not only in com-
plex distillation systems, but also in mixed types of separa
tion systems. This includes processes involving solids, such
as flotation and crystallization. The use of processintegration
techniques for reactor design has seen rapid progress, but is
il inits early stages. Further work on simultaneous reaction
and separation is needed. Process integration will be incress-
ingly applied to process operations. Safety and control have
still to be adequately addressed. Also, we should aso not lose
sight of the work till left to do in energy efficiency and
emissions reduction.

Third, a new generation of software tools is expected.
The emergence of commercial software for process integra-
tion is fundamental to its wider application in process de-
sign. Whilst ssimulation tools are now becoming quite ma-
ture and well developed, process integration software is, by
comparison, in its infancy. Developments in software lead-
ing to so-called open architecture will alow process-integra-
tion software to interact online with smulation software to
access physical property data and simulation models. This
will make awider range of models available to process-inte-
gration algorithms.

Ultimately, we would like to break away from having to
decompose a process design into layers, and to develop an
approach that treats the problem in its entirety. If we consider
the rate at which process integration research is progressing,
aswell as the great advances being made in computer power,
this vision should be aredlity in the future.
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