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he design of any industrial pro-

cess must address two important

dimensions: mass and energy.

Mass involves the creation and
routing of chemical species in reaction,
separation, and byproduct/waste-process-
ing systems. These constitute the core of
the process and define a company's tech-
nology base. Energy provides the necas-
sary heating, cooling, and shaftwork for
those systems.

Design always has been part science
and part art. Engineers typically start with
a previous design and use experience-
based rules and know-how, along with
their creativity, to evolve a better design.
They rely on computer-based tools such
as process simulators and unit-operation
design programs.

The result of this approach has besn
good designs that work — bur that often
have substantial scope for improvement.

Process integration

Starting in the 1970s, engineers began
to realize that correctly assembling the
process building blocks is just as impor-
tant as properly selecting and designing
individual components. They also discov-
ered that fundamental principles can
guide this assembly.

This led to the concept of integrated pro-
cess design or process integration, which
emphasizes the unity of the entire process. It
addresses the big picture first using funda-
mental principles, and then tackles design
details only after the major structural deci-
sions have been made. This approach assures
that the correct details receive attention.

The first significant success of this ap-
proach was in energy integration. So-
called thermal pinch technology or pinch
analysis became available to industry
about 1980 and, since then, has matured
and been widely applied.

Pinch analysis is the definitive way
to design heat recovery networks. select
process-wide utility heating and cool-
ing levels, and establish the energy/cap-
ital tradeoff for heat recovery equip-
ment. It also provides insight into other
elements of design — but it does not
address issues related to mass in the re-
action, separation, and byproduct/waste-
processing systems.

Since the introduction of pinch analy-
sis in the 1980s, substantial progress has
been made in the broader discipline of
energy integration (/). Steam, fuel, and
on-site power-generation systems now
can be analyzed as integrated svstems,
and the interactions among them can
be understood for improved design and
operation.

The most recent success in process in-
tegration has been in extending it to
mass. Mass integration is analogous in
many ways 1o energy integration, but
tackles the core of the process and, con-
sequently, has a more direct and signifi-
cant impact on process performance.

Mass integration (2,3) addresses the
conversion, routing, and separation of
mass, and deals directly with the reaction,
separation, and byproduct/waste-process-
ing systems. It guides designers in rout-
ing all species to their most desirable des-
tinations and in establishing mass-related
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cost tradeoffs. Mass integration also
defines the heating, cooling, and
shaftwork requirements of the pro-
cess. Furthermore, it provides insight
into other design issues such as de-
bottlenecking utility systems and se-
lecting catalysts and other material
utilities. It does not directly address
energy system design.

Mass and energy integration com-
plement each other, as shown in Table
1. Together, they form the basis of a
comprehensive methodology for inte-
grated process design.

Spurring the approach

The original motivation for mass
integration was pollution prevention.
In 1989, El-Halwagi and Manou-
siouthakis (4} first suggested the use
of mass exchange networks (MENs)
to guide the removal of pollutants
using mass separating  agents
(MSAs), such as solvents, adsorbents,
stripping agents, and ion exchange
resins. El-Halwagi and Manousiou-
thakis discovered that:

* There is a close analogy be-
tween MENSs and heat exchange net-
works (HENs) at the system level.
This is a macroscopic generalization
of the microscopic analogy between
mass transfer and heat transfer (for
instance, Fick’s law for diffusion vs.
Fourier’s law for heat conduction).

* Rich and lean streams can be
formed into composite curves, result-
ing in a “mass pinch” analogous to the
“heat pinch” discovered by Hohmann
(3) and later extended by Linnhoff
and Hindmarsh (6), and others.

* Rigorous performance targets
can be set ahead of design for the
minimum cost of MSAs and for the
selection of the optimal types of
MSAs.

* Notwithstanding these similari-
ties, designing MENs is far more
challenging than designing HENs.
This is due to the direct contact na-
ture of mass exchange, the more in-
volved equilibrium relationships for
mass transfer as compared with the
simple equilibrium expressions for
heat transfer, the need to regenerate
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MSAs, the muiticomponent nature of
the problem, and the wide diversity
of mass exchange operations and
technologies.

Although useful, MEN synthesis
had several limitations. It focused on
separations that were induced by
MSAs. It also dealt with streams that
were to be discharged to end-of-pipe
treatment or receiving media. Fur-
thermore, it did not tackle how
streams should be routed, reacted,
and allocated throughout the process.

Over the past few years, these limi-
tations have been addressed. The re-
sult has been the development of a
general framework called mass inte-
gration (2,3). It addresses the global
allocation of mass, including species
utilization and recycle, species inter-
ception within the process, species
conversion via chemical reactions,
stream segregation, and mixing. and
for the manipulation of unit opera-
tions through design and operating
changes. Further, the focus of mass
integration has gradually shifted from
pollution prevention to the more gen-
eral objectives of optimal allocation
of species for yield enhancement. pro-
cess debottlenecking, cost reduction,
and the entire range of processing ob-
jectives. So, let's now look at how
mass integration can be used today.

GENERAL CONCEPTS

Integrated process design differs
fundamentally in approach — and
results — from traditional design.
The important distinguishing fea-
tures include:

* Problem structure. This is the
way in which the overall, complex
design problem is set up and decom-
posed into tractable subproblems.
This defines the engineers’ focus and
dictates the tools required to carry out
design.

* Targering. Quantitative perfor-
mance targets are set ahead of design.
Design methods then guide the engi-
neers in developing alternative struc-
tures that meet the targets. Targeting
tells the engineers where the leamning
curve eventually will lead and allows

them to achieve this level of perfor-
mance now rather than in the future.

* Solution fragments. Any design
is composed of many individual de-
sign decisions. And, for each deci-
sion, there are alternatives. The first
step in designing to meet the perfor-
mance targets is to generate these al-
ternatives or “solution fragments”
systematically. Solution fragments
are not unit operations and are
not necessarily mutually exclusive;
rather, they constitute alternative
ways to solve design subproblems.

* Integrated solutions. Any de-
sign problem will have more than one
integrated solution, each composed of
a different combination of solution
fragments. Another unique feature of
process integration is the systematic
way in which integrated solutions are
generated, incorporating consistent
sets of solution fragments and screen-
ing out inappropriate ones.

Solution techniques

Clearly, given the vast number of
possible solutions to any design prob-
lem, it is imperative that optimal so-
lutions be found without having to
enumerate all options. Two main ap-
proaches — structure independent
and structure based —have been de-
veloped to accomplish this.

The structure independent (or tar-
geting) approach is based on under-
taking design in stages. In each stage,
design targets are set and then em-
ployed in subsequent stages. These
targets are fundamental and are deter-
mined ahead of design without com-
mitment to the final system configu-
ration. This approach relies on an
array of visualization tools that help
engineers both to “see” the design
problem and to generate integrated
solutions. Examples include mass and
energy composite curves and their
corresponding pinch points. Visual-
ization tools keep engineers involved
in the design process and incorporate
their judgment and preferences while
generating optimal solutions.

The targeting approach offers two
main advantages. First, within each



stage of design, the problem scope is
reduced to a manageable size. Second,
it provides valuable insights into sys-
tem performance and characteristics.
The structure based approach in-
volves developing a framework that
embeds all potentially interesting so-
lutions. Examples include superstruc-
tures (7), state-space representations
(8), and process graphs (9). Mathe-
matical programming (10), typically
in the form of a mixed integer nonlin-
ear program (MINLP), is used to ex-
tract solutions from the general frame-
work. Integer variables correspond to
the existence or absence of certain

Utility heating/cooling requirements
Heating/cooling levels

Cost tradeoffs;
Heat recovery equipment
Energy processing systems (steam,
cooling, power)

System design:
Heat exchange netwaorks (HENS)
Steam system
Power system :
Coohng system (air, water, refngerann)

equipment in the solution, while con-
tinuous variables determine the opti-
mal values of design and operating
parameters such as flow rates, temper-
atures, pressures, and unit sizes.

This approach is potentially ro-
bust, but its success strongly depends
upon overcoming three challenges.
First, the solution framework must
embed the solutions of interest; other-
wise, they will not be found. Second,
due to the nonlinearity of the MINLP
forrulation, there often are severe
computational problems. (Currently,
commercial optimization software
cannot guarantee the global solution

Impact » Energy lntegfation‘
Addresses directly: Targeting: Targeting:
Dictates design Heat recovery Yields

Cost tradeoffs: -
Mass exchange equipment
Mass processing systems (reaction, separation,
byproduct/recycling, water, fuel)

System design;
Mass exchange networks (MENS)
Material routing
Reaction system
Separation system

Mass integration

of general MINLPs.) Third, the engi-
neers’ input, preferences, judgment,
and insights must be incorporated
during problem formulation, which
can be a tedious task, before the
MINLP is set up.

Both the structure independent and
structure based solution techniques
are used extensively in the following
integrated process design procedures.

Setting up
the design problem

Mass integration deals with creat-
ing desired species, minimizing unde-
sired ones, and routing all species

Emissions, poliution preventxon (air, water, solids)
Capacities, debottlenecking

Byproduct/waste-pracessing system

Water system
Fuel system

Sets process energy requirements:
Heating
Coaling
Shaftwork

Improving energy-system structure/performance:
Stearn system
Power system
Cooling system
Selectmg]desngmng catalysts

Addresses indirectly:.
Influences design

Improving core process energy efﬂcnency
Water system
Fuel system
Utility emissions

‘System design:
Reaction system
Separation system
Byproduct/waste-processing system

Does not address:
No influence on design

System design:
Steam system
Power system
Cooling system (air, water, refrigeration)

~Targeting/cost tradeoffs for mass processmg systems Targeting/cost tradeoffs for energy processing systems.

* Includes thermat pinch analysis, ‘which focuses primarily on HENs

CHEMICAL ENGINEERING PROGRESS » AUGUST 1998



MASS INTEGRATION
L

(desired and undesired) to their most
appropriate destinations. The focus
initially is on chemical species and
not on unit operations. This trans-
forms how we think about design and
how we set up the design problem,
and also dictates the tools required to
perform design.

The first step in performing mass
integration is to represent all species
in the entire process (II). This is
shown in Figure 1. Here, each species
initially is addressed individually
and, then, all are addressed simulta-
neously. For each targeted species,
there are sources (streams that carry
the species), and process sinks (units
that can accept the species). Sinks in-
clude reactors, separators, heaters,
coolers, pumps, compressors, bio-
wreatment facilities, discharge media,
and the like. Streams leaving the
sinks, in turn, become sources. There-
fore, sinks also are generators of the
targeted species. Each sink/generator
can be manipulated via design or op-
erating changes to alter the flow rates
and compositions that it can accept
and that it discharges. It may be nec-
essary to modify sources’ composi-
tions to prepare them for the sinks.
This is done in a network of separa-
tion units referred to as the species
interception network (SPIN).

Mass integration, therefore, in-
volves a combination of stream seg-
regation, mixing, interception, recy-
cle from sources to sinks (with or
without interception), and sink/gener-
ator manipulation.

Segregation is simply avoiding
stream mixing. Segregating streams
with different compositions may
make it unnecessary later to change
their compositions. This can result in
reduced cost and may allow streams
10 be recycled directly to sinks with-
out further processing.

Mixing of process streams can be
used to achieve appropriate flow
rates, composition, and physical
properties.

Interception is the use of separa-
tion technologies to adjust the com-
positions of the species-laden streams
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sinks. These separations may be ef-
fected by the use of MSAs or energy
separating agents (ESAs). Identifying
the right combination for a SPIN can
be a large and complex problem —
because numerous streams typically
must be processed, many separation
technologies may be applicable, and,
initially, it is not known how much of
a species must be removed to make
that stream suitable for a sink. There-
fore, a systematic technique is needed
to screen the candidate separating
agents and separation technologies to
find the optimal SPIN. This will be
discussed in detail later.

Recycle refers to the routing of a
source to a sink. Each sink has a num-
ber of constraints on the flow rates and
compositions of feeds that it can pro-
cess. If a source satisfies these con-
straints, it may be recycled directly to
the sink. If the source violates these
constraints, however, then segregation,
mixing, or interception may be used to
prepare the stream for recycle.

Sink/generaror manipulation in-
volves design or operaiing changes
that alter the flow rates and composi-
tions of sources entering or leaving
the sinks. These measures can include
temperature or pressure changes, unit
replacement, catalyst alteration, feed-

(12-14), reaction changes (15-17),
and solvent substitution (/2,18).

This approach to design causes
engineers to ask new questions
about a process. What streams con-
tain the species of interest? Are
these necessarily the streams to deal
with or should they be modified?
How? What are the possible destina-
tions for these streams and are there
constraints? Can these constraints
be altered? What changes in compo-
sitions are required to prepare the
streams for these destinations? What
are the candidate technologies to use
in modifying compositions? Where
in the process should the streams be
intercepted and modified?

All of these questions can be an-
swered systematically through the use
of mass integration tools.

VISUALIZATION TOOLS
Let’s now look at some of the visual-
ization tools. (The mathematical tech-
niques that are used with these tools
are covered in the literature, e.g., Ref.
19, and, so, will not be discussed here.)

The source-sink
mapping diagram

As we’ve already noted, recycle
involves routing a source to a sink.



The source may be recycled directly
or after segregation, interception, or
mixing with another source. Direct re-
cycle (with and without segregation)
always should be investigated before
considering interception, because it
typically is less expensive than recy-
cle combined with interception.

The source-sink mapping diagram
(2,19) is a visualization tool that can
be used to determine direct recycling
opportunities. As shown in Figure 2,
for each species, a plot is construct-
ed either of the flow rate or the
species mass load (y axis) vs. com-
position (x axis). :

On this diagram, sources are rep-
resented by black circles and sinks
by magenta circles. Typically, pro-
cess constraints limit the range of
species’ composition and load that
each sink can accept. The intersec-
tion of these two bands defines a
zone of acceptable composition and
load for recycle. If a source (for in-
stance, a in Figure 2) lies within this
zone, it can be recycled directly to
the sink (for example, S). Moreover,
sources b and ¢ can be mixed using
the lever arm principle to create a
mixed stream that also can be recy-
cled to S. In addition, the source-
sink mapping diagram can be used to
determine the extent of interception
needed. If a source lies to the right
of a sink, it can be intercepted to
bring it within the band of accept-
able recycle. We will discuss the
problem of simultaneously intercept-
ing several sources later.

Similarly, multiple components
can be handled simultaneously. Figure
3 shows a three-component source-
sink mapping diagram (20). On this
diagram, temary lever-arm rules can
be employed to determine the extent
of mixing among the various streams
to satisfy sink constraints.

The path diagram

The path diagram (3,19) is a visu-
alization tool that tracks the flow of a
specific targeted species throughout
the process. It is a plot of the load of
that targeted species as a function of

CHEMICAL ENGINEERING PROGRESS  AUGUST 1998

B Figure 2.
Recycle

opportunities
using the source-
sink mapping
diagram (2,19).

Flow Rate or Species Load, kg/s

Composition .

B Figure 3.

A ternary source-
sink mapping
diagram (20).

Species A

Species €

its composition in the carrying
streams. It relates the flow of the
species to the performance of the dif-
ferent processing units through mate-
rial balances and unit modeling equa-
tions. Units that do not involve the
targeted species are excluded. Thus,
the path diagram provides an easy
way to track a species.

A path diagram is required for
each targeted species in each phase
(gas, liquid, and solid). Each stream
is represented by a node on the dia-
gram and these nodes are connected
using composition profiles repre-
senting the changes occurring within
the unit operations. The exact shape

of the composition profiles within
units typically is not needed unless
modifications within the units are to
be considered. Therefore, these pro-
files can be represented by straight
arrows. The direction of these ar-
rows reflects the direction of mass
flow. Because a unit may have mul-
tiple inputs and outputs, each node
may be associated with multiple
arrow heads and tails.

Figures 4 and 5 illustrate the con-
struction of the path diagram. Figure
4 shows a section of a hypothetical
process carrying the species of inter-
est. Here, V, is the flow rate in the vth
gas stream or source, y, is the compo-
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sition of the species in the stream,
and ¢, is the load of the species, so
that:

0=V, (1)

Similarly, the load of the species
in the wth liquid source is given by

WW = WW Z‘W (2)
where y, ,W,, and z, are the load,
dow rate, and composition, respec-
tively, of the wth liquid source
inode).

The path diagram for the species in
the gas phase is shown in Figure 5.
The first processing step for the gas
phase is a stripping operation in
which the targeted species is trans-
ferred from a liquid stream (source ®
= 1) to the gas stream (v = 1). The
nath profile for the gas phase is repre-
sented by a straight line between inlet
and outlet compositions that has a
slope approximately equai to the flow
rate of the stream. The gaseous stream
‘2aving the stripper then is processed
‘n a continuously stirred tank reactor
~here additional mass of the targeted
species, ¢,, is generated by chemical
reaction. Due to the complete mixing
‘n the reactor, the concentration of
the targeted species instantaneously
changes from the inlet concentration,
=5, to the outlet concentration, y;. And,
the species loading increases to ¢; (=
3, + ¢,). The effluent from the reactor
is mixed with another process stream
0 = 4) to give a resulting composi-
dom, ys, and mass loading, ¢s. The
composition y; can be determined
zraphically using the lever arm princi-
ole. The final operation involves the
separation of the mixed stream into
7wo terminal streams (V=6 and v =
7). Though not shown, there is an
2quivalent liquid-path diagram for the
process.

The path diagram provides a “big
picture” view of a species. This is
fundamentally different from the tra-

ditional equipment-oriented descrip- .

tions of a process in the form of pro-
cess flow diagrams (PFDs) and pip-
ing and instrumentation diagrams
{P&IDs). These are useful for certain
purposes but mask the propagation
and fate of individual species.
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The path diagram can be used to
determine where within the process a
species should be intercepted, how
much should be removed, and the
global impact of manipulating
sink/generators. Further, the path dia-
gram shows the effect of manipulat-
ing any stream (represented by a
node) on the rest of the process
streams (nodes).

Species interception

At the heart of mass integration is
the SPIN that intercepts streams and
prepares them for their destinations.

Species interception can be ac-
complished by the use of MSAs
(for instance, solvents, adsorbents,
and the like) or ESAs (such as heat-
ing, cooling, and the application of
pressure).

Mass transfer can be physical
only or combined with reaction. The
MSA can be a new material intro-
duced into the process, or an existing
process stream. If the MSA is a sep-
arate material, the network must in-
clude the regeneration of that materi-
al; if it is an existing process stream,
the modified composition must be
acceptable to the sink for that
stream.

Physical mass-exchange net-
works. Let’s first focus on direct-
contact mass-transfer devices that
use MSAs to selectively transfer
species from one phase to another.
The problem of synthesizing a
MEN of this type has been intro-
duced by El-Halwagi and
Manousiouthakis (4) and can be
stated as: Given N, source streams
rich in the species of interest and N,
candidate MSAs (streams lean in
the species), design a network of
mass exchangers that prepares all
sources for the sinks. Examples of
mass exchange falling into this cat-
egory include stripping, solvent
extraction, absorption, adsorption,
leaching, and ion exchange.

Corresponding composition scales.
Unlike heat transfer, mass transfer
has a different equilibrium relation-
ship for each MSA. And, to design a
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MEN, all candidate technologies
(MSAs) must be screened simultane-
ously. This has led to the concept of
“corresponding composition scales”
(CCSs). It allows designers to con-
struct composition vs. mass exchange
diagrams analogous to the tempera-
ture vs. enthalpy diagrams for heat
transfer.

Consider a mass exchanger (with
MSA, j) that is a candidate for re-
moving the species of interest from a
source stream, i. The following analy-
sis applies to any type of phase equi-
librium. However, to streamline the
illustration, let us consider a linear
equilibrium relationship, which is
given by:

yi = mx*+ b (€)]
This states that for a rich stream com-
position of y,, the maximum theoreti-
cally attainable composition of the
species in the MSA is x*. where m; is
the slope and b; is the intercept of the
equilibrium line on a »-x; diagram.
This corresponds to a zero driving
force. In practice, a positive driving
force is needed to avoid having an in-
finitely large mass exchanger. This
driving force is called the minimum
allowable composition difference, ;.
It is an optimization variable and is
equivalent to the minimum driving
force, AT,,, for heat wansfer. The
smaller the g, the smaller the operat-
ing cost but the higher the fixed (cap-
ital) cost (4).

Therefore, the maximum allow-
able performance or “practical feasi-
bility” occurs when (4

yi=m(y+e)+ b. (4a)
or

%, = [0 - bim] - & (4b)

These relationships are depicted in
Figure 6. Here, the equilibrium (Eq.
3) is plotted along with the practical
feasibility line (Eq. 4) that defines the
maximum allowable composition of
the species in the jth MSA (x;) for any
composition of the species in the ith
stream (y;). Figure 6 also shows that
the region below the practical feasi-
bility line defines all acceptable
mass-exchange operations.

Relationships of the form of Eq. 4

can be written for each MSA. These
relationships define the CCSs .for
each of the MSAs:

x =0 - b)im] - & (3)
where j =1, 2,..., N,

The significance of this is that, for
a given set of CCSs, it is thermody-
namically and practically feasible to
transfer the targeted species from any
rich stream into any MSA.

Constructing mass  composite
curves (4). The practical value of the
CCSs now will be illustrated through
the generation of mass composite
curves.

As mass is transferred from a rich
stream to a MSA, its composition de-
creases until the final targeted compo-
sition is reached. This relationship
between composition and quantity of
mass transferred can be plotted as
shown in Figure 7. Here, two rich
streams, R, and R., are seen releasing
mass and, in the process, reducing
compositions from starting (or sup-
ply) values (y,* and v,¢) to final target
values (v’ and y,*). The quantities of
mass transferred are MR, and MR,
respectively.

This is analogous to heat transfer
where the temperatures of two
streams are reduced from T’ and T
to T,' and T;'. In the process, amounts
of heat Q, and Q, are released.

The streams R, and R, of Figure 7
can be formed into a single rich com-
posite stream as shown in Figure 8
by superposition, which involves
performing a material balance in
each composition interval. (Again,
note the analogy between heat and
mass transfer.)

Removing the targeted species
from the rich streams requires one or
more MSAs, all of which must be
screened simultaneously based on
thermodynamic feasibility and cost.
This is done through the use of Eq. 5
to generate the correspondence be-
tween the rich composition scale. v,
and the lean composition scales for
all MSAs, the CCSs, as shown in Fig-
ure 9. Here, each MSA is represented
on its own composition scale as a
horizontal arrow extending betweszn
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its supply and target compositions.
Feasibility of mass exchange is in-
sured when mass is transferred from a
rich stream to a lean stream that lies
to its left.

While the locations of the MSAs
have been determined, it still is nec-
essary to establish their optimal flow
rates. This involves finding the opti-
mal slopes of all arrows representing
MSASs on a mass vs. composition dia-
gram. There are various graphical and
mathematical techniques that facili-
tate this. The following is one useful
technique (19).

Consider three MSAs, S, S; and
S;, whose operating costs L($/kg of re-
circulating MSA) are cl, ¢, and ¢,
res,ectively. These costs can be con-
verted into $/kg of removed species,
¢

¢f = /(x - x7) (6)
wherej=1,2,3

If arrow S, lies completely to the
left of arrow S, as is the case in Fig-
ure 9, and if ¢;” is less than ¢, one
can eliminate S, from the problem,
because it is thermodynamically and
economically inferior to S,. On the
other hand, if arrow S; lies complete-
ly to the left of arrow S, but ¢; is
greater than c,’, both MSAs 2 and 3
should be retained.

To minimize the operating cost of
the network, separation should be
staged to employ the cheapest MSA
wherever feasible. Consequently, S,
should be used to remove allof the
rich load to its right, while the re-
maining rich load is removed by S;.
The flow rates of S, and S; are calcu-
lated by simply dividing the rich load
removed by the composition differ-
ence for the MSA.

The mass pinch

Now that the MSAs have been
screened and their flow rates have
been determined, a lean composite
curve can be constructed. This will
show the mass to be removed by
each MSA. See Figure 10. The sum
of the operating costs of the selected
MSAs is the minimum operating
cost for the system. This is a rigor-

N Figure 7.

Representation of
mass exchanged

by two rich
streams..

B Figure 8.

Constructing a
rich composite

stream using
superposition.

ous target that has been determined
ahead of design and without com-
mitment to the final network config-
uration. It is important to emphasize
that the fixed cost of the system is
not overlooked. The identified target
is based on a set of minimum allow-
able composition differences (g;s).
The parameter g, is an optumzauon
variable that is 1terat1ve1y varied to
trade off the operating cost vs. the
fixed cost.

The point where the two compos-
ite lines touch is termed the mass-ex-
change pinch point (4). (Hence, this
type of drawing is called a “mass-ex-
change pinch diagram.”) This point
corresponds to the most thermody-
namically constrained region of de-
sign and operation. At this point, all
mass exchange takes place with a
driving force equal to €;.

The mass-exchange pinch diagram
can be used to identify and evaluate

structural changes to the MEN ahead
of design. For example, the pinch lo-
cation and, consequently, the mini-
mum operating cost can be altered
using three strategies:

1. The shape of the composite
lines can be changed — for example,
by altering the flow rates or composi-
tions of the rich streams. This pro-
vides the designer with information
about how the design parameters or
operating conditions of the process
should be modified to reduce cost.

2. The equilibrium relationships
can be varied — for instance, by al-
tering temperatures. This brings ener-
gy integration into the analysis.

3. € can be changed. This pro-
vides a way of trading off capital and
operating costs with the objective of
minimizing the total annualized cost.

The subject of physical MENs has
been addressed extensively. This in-
cludes MENs with a single transfer-
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able component (21), those with mul-
tiple transferable components (22),
those involving regeneration of the
MSAs (23), mass exchange combined
with heat exchange (24), removal of
fixed loads (25), MENs providing
flexible performance (26,27), control-
lable MENs (28), and MENs with a
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single lean stream (water) with the
objective of minimizing water use
(29). Furthermore, fixed cost targets
have been identified graphically by
developing a rich-composition/lean-
composition composite diagram that
optimizes the mass-exchange driving
forces throughout the pinch diagrams

and predicts minimum column size
ahead of detailed design (30).

Many industrial applications of
species interception using MENs also
have been published, including for
pulp and paper (31), synthetic fuels
(18,32), petrochemicals (33,34),
polymers (35), and metal finishing
(21). In addition, numerous examples
illustrating the detailed application of
MENs and mass integration to pollu-
tion prevention have been given in a
recent textbook (19).

Reactive mass-exchange
networks

In addition to physical mass ex-
change, reactive mass exchange often
is an option for species interception.
Indeed, Srinivas and El-Halwagi have
pointed out that physical and reactive
MSASs can be teamed to remove tar-
geted species from the rich streams
and to convert them into salable,
reusable, or benign species (24,36,37).
This involves combining mass-trans-
fer equations with chemical reaction
equilibria to develop equilibrium ex-
pressions of the form:

yi* =5 %) M
where i is the rich phase, j is the lean
phase, y;* is the rich-phase equilibri-
um composition of the targeted
species, and x* is the lean-phase
equilibrium composition of all
species resulting from the chemical
reactions of the targeted species. In-
corporating the minimum allowable
composition differences for the rich
and the lean phases (ej" and z-:l-s, re-
spectively) to trade off capital vs. op-
erating cost gives:

hy =f(x; +¢€5) (8a)
where
y=y -t (8b)

Equations 8a and 8b provide the
relationship between the rich and lean
composition scales for which reactive
mass exchange is practically feasible.
This is the reactive equivalent to Egs.
4a and 4b used for establishing the
corresponding composition scales for
physical MENS.

These concepts now can be used
to develop a reactive mass-¢xchange
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pinch diagram (Figure 11) for screen-
ing all candidate MSAs to identify
the lowest cost target for reactive in-
terception networks.

Heat-induced
separation networks

Another class of separation net-
works relies on ESAs to induce sepa-
ration. These heat induced separation
networks (HISENs) involve heating
or cooling to effect separation
through a phase change such as con-
densation, evaporation, or crystalliza-
tion (38-43). Other examples of ESA-
induced interception include pres-
sure-driven membrane separations
(44,45), and distillation sequences
(46,47).

To design HISENs, we first must
transform mass separation into a
heat-transfer task. This can be done
by relating phase change to tempera-
ture. For instance, as a gas laden with
a volatile organic compound (VOC)
is cooled, the composition of the
VOC remains constant until conden-
sation starts at the dew point, T¢, after
which a phase change occurs. For a
dilute system, the composition of the
VOC can be expressed as a function
of temperature:

yD=y fT>T (9a)
y(T) = p° (T)/[Peowat - po(T)]
if TST (9b)

where y* is the supply (inlet) mole

fraction of the VOC in the gas, po(T)
is the vapor pressure of the VOC ex-
pressed as a function of the gas tem-
perature, 7. and P%"! is the total pres-
sure of the gas. For a given target
composition of the VOC, y*, the VOC
recovery task is equivalent to cooling
the stream to a separation target tem-
perature, 7, which is calculated via:

y' = po (T¥/[Poel - p(T*)]  (10)

For concentrated multicomponent
VOC systems, nonideal equilibrium
calculations (20) can be pertormed in
lieu of Eqgs. 9 and 10.

VOC recovery now has been con-

verted into a heat-transfer task. The
target for the minimum cooling/re-
frigeration duty, Q¢, can be found
using a thermal pinch diagram as
shown in Figure 12 (48). For multiple
rich streams and multiple cooling
utilities, similar pinch representations
can be developed (40).

Integrating path and pinch
diagrams

So far, we have assumed that the
designer knows which streams should
be intercepted and what extent of sep-
aration is needed. These questions
can be answered systematically by
combining the concepts of the path
and mass pinch diagrams. The path
diagram tracks the consequences of
any interception. On the other hand,
the pinch diagram provides insights
on the optimal interception strategy
for given streams and separation
tasks. Put together, the two diagrams
can clarify which streams are to be
separated and the extent of separa-
tion. The relationship berween the
path and pinch diagrams is shown in
Figure 13, which illustrates the back-
and-forth passage of stream informa-
tion between the two diagrams.

The path and pinch diagrams can
be integrated via a MINLP. But, a
short-cut graphical method, as de-

N Figure 12.

Pinch Iy
diagram for
avVocC
condensation
system (48).
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picted in Figure 14, is a handy alter-
native. After plotting the path dia-
gram for the sources, the pinch dia-
gram is superimposed through use
of its CCSs (for instance, Eq. 5).
Each MSA is represented on its own
scale as a horizontal arrow extend-
ing between its supply and target
compositions.

Useful insights can be gained from
this hybrid diagram. Consider two
MSAs, a and b, whose costs ($/kg of
recirculating MSA) are ¢, and c,, re-
spectively. These costs can be con-
verted into $/kg of removed species,
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¢,/ and ¢,’, using Eq. 6. If the arrow
for MSA b lies completely to the left
of the arrow for MSA a and ¢, is less
than ¢,”. MSA b is chosen in favor of
MSA a. because it is thermodynami-
cally and economically superior. In
addition. the relative locations of the
sources (nodes) and the MSAs pro-
vide helpful information. If a MSA
lies to the right of a source node, that
MSA is not a candidate for intercept-
ing this node, because mass exchange
is not feasible. Analogous observa-
tions can be made for systems em-
ploying ESAs (41).

APPLICABILITY
BEYOND DESIGN
While this article focuses on de-
sign-related applications of mass
integration, the approach can be
employed effectively in other
areas such as process operation
and simplification.

Process operation

~ Mass integration tools can be re-
vised to tackle operational issues
(26-28,49), including cost reduc-
tion and performance improvement.
For instance, on-line optimization
strategies can be based on a holistic
understanding of process perfor-
mance (instead of the typical ap-
proach of using pre-set criteria).
Mass integration, therefore, can
lead to optimal response to continu-
ous process disturbances and varia-
tions (49). It also can improve the
dispatch and management of pro-
cess resources such as raw materi-
als, fuels, material utilities, electric
power, and MSAs.

Process simplification

Developing conceptual flowsheet
alternatives that employ the least
number of processing steps is an im-
portant objective during research and
development or front-end engineering
design (FEED). This exercise can
yield useful feedback to the R&D
team, preventing the generation of
poor process configurations, while in-
corporating techno-economic issues
early in the design cycle. For FEED,
it safeguards against the automatic
replication of the previous design and
provides a fresh perspective into the
process. Mass integration tools can be
used effectively to generate the sim-
plest process alternatives (30).

One of the key concepts is the
notion of maximum extendible
zones (MEZs), which define the
largest design and operating space
of a technology. They can be de-
veloped based on fundamental
principles of chemical engineering,
such as the practical feasibility re-
gion for mass exchange (see Figure 6)
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and for ideal/nonideal distillation
(46,47}, and the attainable regions
for reactors (16). MEZs can be es-
tablished ahead of detailed design

without specifying the
configuration.

Once these - zones are developed,
the task of synthesizing the simplest
process can be transformed into iden-
tifying a scheme with the least num-
ber of “jumps” that connect the raw
materials to the products, byproducts,
and all acceptable process outlets via
these MEZs. (See Figure 15.) First,
only the key process species are con-
sidered. Later, the other species are
added. Graphical and mathematical
tools can be designed to determine
these configurations (50). Once the
process with the least number of pro-
cessing steps is established, it is elim-
inated from the analysis, and the
next-to-simplest alternative then is
generated. Repeating this exercise
provides a roster of the simplest alter-
natives. Next, simulation, cost opti-
mization, and detailed design studies
are undertaken to refine the conceptu-
al alternatives.

USING THE APPROACH

Let’s now look at how to actually
apply mass-integration design tools
by taking the ethy! chloride process
(3,19) as an example.

process
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Stream Description Supply Composition xg, Target Composition x/, m;
ppmw ppmw

SK Paolymeric resin 2 10 L 003

SY Activated carbon 5 30 0.06

il ' 200 300 0.80

Description Supply Composition Xs, - Target Composition X, l M,

ppmw . ppmw :
SW, Zeolite - 3 15 009
S _“Air : 0 10 0.10

15 0.80°

Ethyl chloride (C,H;Cl) can be
manufactured by catalytically react-
ing ethanol and hydrochloric acid as
shown in Figure 16. This involves
two integrated processes, for ethanol
and ethy! chloride.

Ethanol is made by the catalytic
hydration of ethylene. Compressed
ethyvlene is heated with water and re-
acted to form ethanol. Ethanol is sep-
arated using distillation followed by
membrane separation (pervapora-
tion). Aqueous waste is fed to a
biotreatment facility.

Purified ethanol is reacted with hy-
drochloric acid in a multiphase reac-
tor to form ethyl chloride. The reac-
tion takes place primarily in the lig-
uid phase. Chloroethanol (CE),
C.H,0Cl, is generated as a byproduct
according to the following zero-order
reaction:

ra,\:ychlarinu{ion

=6.03 x 106 kg CE/s
(1D

Off-gas from the reactor is
scrubbed with water in two scrubbers.
The first recovers the majority of un-
reacted ethanol, hydrogen chloride,
and CE. The second removes traces
of unreacted materials to yield prod-
uct ethyl chloride.

The aqueous streams leaving the
scrubbers are mixed and recycled to
the reactor, where a fraction of the re-
cycled CE is reduced to ethyl chlo-

ppmw

4 <
$/kg MSA $/kg CE removed
0.08 10,000
010 4,000
0.05 500

5 g

$/kg MSA $/kg CE removed
+0.70 58,3313

0.05 5,000
012 8,000

ride. The rate of CE depletion in the
reactor is approximated by:

Treduction = 0.090 7 kg CE/s  (12)
where z; is the mass fraction in the
liquid phase.

The distribution of CE between
the gaseous and liquid phases in the
ethyl chloride reactor is given by the
following distribution relat:onship:

vz =35 (13)

The design problem

Ethyl chloride is one cf the least
toxic of all chlorinated hycrocarbons.
CE, however, is a toxic pcilutant that
is causing significant prcblems for
the biotreatment facility. The design

c

B Figure 15. Least number of “jumps”
among maximum extendible zones (50).
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objective is to reduce the CE content
of R, (Figure 16) to meet the follow-
ing targets:

composition:

Zﬁi"' = Z]Ierminal target == 77 ppmw (14)

load:

CEin R, = 1.05 x 106 kg/s (13)

This design problem involves the
reactor, first scrubber, second scrub-
ber, and mixer (u,, u,, u;, and u,),
three gaseous sources/nodes (v;, .,
and v,), and six liquid sources/nodes
(0, ®,, ©;, ®,, &), and ;). The flow
rates of all gaseous and liquid sources
are shown on Figure 16.

Six MSAs have been suggested as
candidates for removing CE — three
for gaseous streams, and three for lig-
uid streams. Tables 2 and 3 provide
the data.

The first step in finding a solution
is to develop the path diagram. The
path diagram equations can be de-

rived from basic unit performance
considerations as shown by El-Hal-
wagi and coworkers (3). These are
summarized as follows (with all com-
positions in ppmw):

nipulated (intercepted) t© meet this
target at minimum cost.

Interception is incorporated by
constructing a hybrid pata-pinch dia-
gram as shown in Figure 8. Thermo-

Foru=1: dynamic feasibility and cost are used
0.180y, - 6.030 =0.060 z; (P1) to prescreen intercepticn strategies
»-52=0 for each node. For example, as air

Foru=2: lies to the left of steam and has a
2y +, =2y, lower cost (per kg CE removed), it is
y, =0.10 y, chosen over steam. Nodas lying to

Foru=3: the right of air (w = 2, w = 5) can be
2y, +2,=2y, intercepted down to 10 ppmw CE
»;=0.10y, using air stripping. If a lower level is

Foru=4: required, CE first should e removed
2z,=2,+ 2, by air (until 10.0 ppmw CE is

Figure 17 is the resulting path dia-
gram for CE in the liquid phase.

The objective is to move the ter-
minal wastewater node (w = 6) to the
targeted location (designated by an
“X"). The challenge is to determine
how the other nodes should be ma-
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reached), followed by zzolite, Simi-
larly, nodes w = 4 and v = 6 can be
intercepted by zeolite down to 1.6
ppmw CE.

Figure 19 shows the combined
path-pinch diagram for the gaseous
nodes and candidate MSAs. Because
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it is not thermodynamically feasible,
oil cannot be used to intercept any
node. Activated carbon should be
used to intercept nodes v = 1 and v =
2 down to 0.9 ppmw CE. Any inter-

ception below 0.9 ppmw CE can be
handled by polymeric resin, which
can reduce the CE content to 0.21
ppmw, if required.

We now must integrate the pre-
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M Figure 18. Prescreening MSAs for intercepting the liquid path diagram (19).
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screened candidate MSAs with the
path diagram. This is done by revis-
ing the path diagram equations (P1)
to include potential interception at all
nodes. The result (see Ref. 19) is:

0.180 y, - 6.030 = 0.0060 z; (P2)

N-5z=0

2y, +5,=2y™

¥,=0.10 y,»

2y;+z, =2y

y3 = 0.10 y,™

2 %= zziul + 24"”

These equations can be solved
using an optimization program to
minimize the cost of meeting envi-
ronmental requirements. The solution
will identify which nodes are to be
intercepted, which MSAs are to be
used, and how much mass should be
removed from each node.

This procedure can be illustrated
graphically for the case where only
one node is intercepted at a time. (Si-
multaneous interception of multiple
sources may be considered by allow-
ing intercepted compositions of mul-
tiple nodes to be treated as optimiza-
tion variables in the same formula-
tion. See Ref. 3 for more details.) For
example, if the gaseous node v = 1
(reactor offgas) is to be intercepted,
its composition must ke reduced to
4.6 ppm CE to achieve a 7 ppm com-
position of CE in the terminal
wastewater stream. Using Figure 19,
activated carbon is found to be the
optimal MSA for this purpose. Based
on a material balance and the data
provided in Table 2. the cost of
this interception is approximately
$576,000/y.

The procedure can be repeated for
the other gaseous and liquid nodes.
By comparing the costs of all altena-
tives, the optimal soluticn is found to
be activated carbon adsorption to re-
move 4.57 x 10¢ kg CE’s from the re-
actor off-gas at a cost of $576,000/y.
An ordered list of next-to-best solu-
tions also can be generated.

Key observations

This example poinss up several
important facets alwayvs to keep in
mind:

¢ Chemical processing is a multi-



media (multiphase) problem. Remov-
ing a species in one medium can be
less expensive than in another medi-
um. For example, a given quantity of
chloroethanol may be eliminated at a
lower cost from an in-process
gaseous stream than from wastewater.
Indeed, the optimal solution to a
wastewater problem may lie in the
gas phase.

« In-plant interception often is su-
perior to terminal waste separation.
For instance, separating CE from the
terminal wastewater stream incurs an
annual operating cost of $828,000 —
44% more than the best solution.

* Removing more mass needn’t
mean higher cost. For example, inter-
cepting v = 1 involves eliminating ten
times more CE than the more expen-
sive interception of w = 6 (4.57 x 10-6
kg CE/s vs. 0.45 x 106 kg CE/s, re-
spectively). This is because removing
the pollutant from more concentrated
streams is thermodynamically fa-
vored. It generally is less expensive
to use low cost MSAs to eliminate
the species from in-plant streams than
to employ high cost MSAs to remove
traces of the species from the dilute
terminal streams.

* Propagation of mass through
the process is nonlinear. For a speci-
fied reduction from a terminal stream,
different masses may be removed
from different in-plant streams. This
can work to the designers’ advantage.

Extending the scope

Our example has focused on in-
plant interception to illustrate using
a combined path-pinch diagram.
Let’s now see how other mass-inte-
gration strategies, including stream
segregation, mixing, and direct recy-
cle, can be used to generate even
better solutions.

Suppose we wish to reduce the
composition of CE to one-third its cur-
rent value (that is, to 2.3 ppmw rather
than 7.0 ppmw), while simultaneously
decreasing the flow rate of the dis-
charged wastewater to one-half its pre-
sent value — an even more challeng-
ing problem than the one just solved.

M Figure 19. Prescreening MSAs for intercepting the gaseous path diagram (19).
(Note: not to scale.)

The solution is generated using the
general framework shown in Figure
1. This brings in stream segregation.
recycle, and sink/generator manipula-
tion as additional design tools (19).

The resulting solution (see Figure
20) is to segregate the effluents of the
two scrubbers, recycle the aqueous
effluent of the reactor to the first
scrubber, recycle the distillation bot-
toms to the second scrubber, and use
activated carbon to intercept the
gaseous stream from the first scrub-
ber (v = 2) to reduce its composition
to y, = 1.8 ppm CE. The annual op-
erating cost of this solution is approx-
imately $32,000.

This can be compared with other
solutions, including end-of-pipe treat-
ment. Suppose we retain the segrega-
tion, mixing, and direct recycle strate-
gies shown in Figure 20, but intercept
the wrong stream. For example, if the
terminal wastewater stream is inter-
cepted rather than the gaseous stream
from the first scrubber, the least ex-
pensive MSA that is practically feasi-
ble is zeolite (as can be seen from Fig-
ure 18). This end-of-pipe separation
(after segregation, mixing, and recy-

CHEMICAL ENGINEERING PROGRESS * AUGUST 1988

cle) requires an annual operating cost
of $441.500, or 14 times more than the
best solution. If end-of-pipe separation
is employed without segregation, mix-
ing, and recycle, the targeted limits for
CE can be met by using zeolite (again
see Figure 18) — but at an operating
cost of about $2.3 million/yr. While
these solutions meet the CE loading
target and provide the same waste-re-
duction effect as the optimal solution,
they are significantly inferior to the so-
lutions obtained using the full range of
mass integration techniques.

Proven in practice

Our company, Matrix Process In-
tegration, has directed numerous in-
dustrial applications of the integration
methods described in this article. We
have worked on projects for improv-
ing profitability and cutting operating
and capital costs; developing process
technology and enhancing process re-
liability and flexibility; increasing
product yields, capacity, and quality;
reducing the use of water, energy,
materials, and solvents; and achiev-
ing environmental compliance. Most
of these projects involved meeting
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process changes.)
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many of these goals simultaneously.

Three of these projects are de-
scribed in the accompanving box, to
provide a more complete picture of
typical projects, including scope, cus-
tomer requirements, and results.

Our experience clearly has demon-
strated that:

¢ Integration methods are highly
useful for a wide range of processing fa-
cilities. We have applied the techniques
in a broad variety of sectors within the
chemical process industries (CPI) — in-
cluding the chemical, petrochemical, re-
fining, pulp and paper, pharmaceutical,
food and beverage, and related indus-
tries — with uniform success.

* The techniques support both
business and technical objectives.
This makes them valuable tools both
for management, who are interested
in planning, profit improvement, cost
reduction, and better utilization of
capital and other resources, and for
engineers, who must design and oper-
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ate facilities to support their compa-
ny’s strategic direction.

» All projects have multiple objec-
tives. This illustrates the integrated na-
ture of problems and their solutions.
And, it emphasizes the importance of
having tools that allow a global under-
standing of these complex facilities
and their design and operating issues.

¢ Integration significantly outper-
forms traditional approaches to de-
sign. It leads to a better selection of
process improvement projects, and
pinpoints those with the best payback.

THE OPPORTUNITIES

Engineers long have striven to de-
sign plants that best address all im-
portant technical and economic is-
sues. Their design tools (simulators
and other programs) have advanced
significantly over the last two
decades. So, do substantial process
improvement opportunities still exist?
Our experience dramatically shows

that they do — for three main rea-
sons: organization, changing business
requirements, and integration tools.
Organization. CPI manufacturing
facilities are capital intensive and
complex. And, complexity naturally
leads to a subdivision of work to
allow individuals or teams to focus
on small, manageable portions of the
overall mission. This is true of man-
agement and of technology, as well.
The management of a company
typically is organized both along
product lines and by functions. An in-
tegrated production facility might
have several product lines on-site,
each directed by a separate business
team. Staff running the plant usually
are responsible for specific functions,
such as operations, maintenance,
plant engineering, utilities, and
health, safety, and the environment.
The technologies employed are
supported by technical specialists
who are experts in narrow fields. In a



refinery, for instance, one or two indi-
viduals might understand the crack-
ing furnaces, another the refining sec-
tion, another the biotreatment facility,
and yet another the boiler house.

The consequence of this is that both
the management and the technology of
a company are understood only as the
sum of many small component parts.
No one comprehends the whole and
the interactions among the parts. Op-

portunities are lost at the interfaces: a
new biotreatment facility is construct-
ed although process changes could
have eliminated the need; a new boiler
is purchased although improved heat
recovery could have made it unneces-
sary; and a new take-or-pay contract
for fuel is negotiated aithough the need
for more fuel could have been elimi-
nated through process efficiencies.
Changing business requirements.

‘Some successful appllcatlons

; Develop strategic plans for site expansuon and |nfrastructure development. mcludmg elec-
- tricity., supply/dlstnbutlon, fuel-gaslnatural-gas supplyldlslnbu!lon. ventslpurges handlmg
and feedstock supply.” : : §

- Reduce cogs : . £ % Ly TR
Requurement: The expansions included debottlenecklng exlstlng processmg eql.npment. shuttmg
. down an obsolete unit, and adding a new product line. In addition, site infrastructure:i improve-
<“ments to:accommodate the expansions had to reduce overall production costs, meet all environ-
‘mental regulations, aliow for startups and shutdowns of individual umts be robust, and provide a
-path for future expansions over a 10-y horizon,
< Results; Alternative strategies were developed addressing all requxrements Strategies ranged
from minimum cost/minimum benefit to more: substantial investments to achieve the maximum
:benefits:The company now is lmplementmg the site development plan that meets lts goal of
. belng the low cost producer : :

- Specialty chemicals plant
.+ Project scope:
“ % Reduce water use. '
- =, = Decrease organic load to biological treatment.

"+ Increase product capacity. e
.= Debottleneck coaling system.

7 = Cut solvent loss. o SRR ;
-Requirement: The unit under investigation was the largest polluter on-site and would have to
"-*pay for & large portion of a new water-treatment facility. it was desired ta.reduce both the volume
* of water and the contaminant load, increase capacnty which was limited by-a brine coollng sys-
-~ tem, and cut yield losses. The project was combination of poilution prevention, reduction of sol-

“-vent and product loss, yield improvement, and energy integration. All of these were interrelated.
Results: A strategy was developed that involved: (1) energy storage to recover and reuse refrig-
. eration; (2) recycle and recovery of solvents and product; and (3) water conservation and reuse.
' Yield was increased by 7.5%, the brine system was debottlenecked, solvent loss was cut by one-

: »quarter and water use trlmmed by one-third. Payback was substantnally less than one year

o Chem/ca/ and polymers camp/ex
Prqectscope
" Meet regulations,
* Decrease thermal dlscharge
. « Recover VOCs. ‘
Requxrements Two interrelated problems had to be addressed (1) the heat load going to biolog-
-ical treatment was too high, resulting in discharge temperatures exceeding local requlations; and
. {2 VOCs were leaving the process in vent and water streams, limiting the ability to expand ca-
pacity. The company wished to meet regulations, recover heat and VOCs, and allow expansion.
Ideally, it hoped that the recovered heat and VOCs would pay for the required investment. .
"< Results: The thermal load was reduced by over 90% and VOC losses were cut by over 50%
.- through a combination of operating changes and retrofit prOJects The package hada S|mple pay-
== back of 1-1/zy.
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Production sites are dynamic, ever-
evolving entities. Change is constant.
New processes continually are
being planned, designed, and con-
structed. Old product lines are being
discontinued. Existing processes are
being expanded and debottlenecked.
And, actions are being taken to meet
environmental and other regulations.

Even if a site is properly integrat-
ed and optimized today, it will not be
tomorrow. Change creates a require-
ment to maintain the total site as an
integrated system. This is typically
not domne, resulting in inefficiencies
and unrealized opportunities.

Integrated tools. Processes and
sites are complex, integrated systems.
Understanding them as such requires
tools other than the traditional pro-
cess simulators and unit-operations
design programs.

The mass and energy integration
tools described in this article (espe-
cially those for mass integration) are
just becoming available for wide-
spread use. They allow engineers and
athers to see the big picture, to under-
stand the interactions, and to devise
design and operating strategies that
realize the intrinsic opportunities.

Areas of application

The use of process integration
methods should be viewed strategi-
cally. After all, they address the entire
range of a company’s processing ob-
jectives and, so, should play a key
role in the development and imple-
mentation of corporate strategy. We
have found the following to be partic-
ularly rich areas of application.

* Aligning technology with corpo-
rate strategy. There often is a gap be-
tween a company’s strategic direction
and its technology base. Strategy and
technology must be developed together.
This frequently is a chicken-and-egg
problem. Developing strategy requires
an understanding of the technical possi-
bilities, while developing technology
demands a clear statement of strategy.

* Planning site development. Once
the overall strategy has been decided, it
is necessary to implement it effective-
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ly. This involves integrating newi/re-
vised processes into the site from a ma-
terial flow perspective and modifying
site infrastructure (for instance, the
fuel, steam, power, water, and plant air
systems) to accommodate the revised
production requirements.

e Developing new process tech-
nologies. Integration methods can be
used to plan and direct research and
development, and to design processes.
as they emerge from R&D. This will
assure that the next generation of tech-
nologies is strong and competitive.
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ing in the integration concepts and in
applications know-how. Thus, a deci-
sion will have to be made as to the
source of this training and how much
of the expertise is brought in-house
vs. outsourced. Again, the answer will
be company-specific.

Even more important to success,
however, is something we call “inte-
gration mindset.” This is an attitude
toward problem solving that runs
counter to managers’ and engineers’
|

Nomenclature

B - = intercept of equilibrium lin
».€ . = operating cost related to the jth MSA
..¢f - = operating cost of the jth MSA per -
: kg of removed species. -
1 = index for rich streams-
“J- - = index for lean streams:
“m;. . = slope of equilibrium line.. e
MR = quantity of mass transfexred from :
- rich stream 3 SEEL
"N = number of rich streams” -
number of lean streams...
total pressure of ‘gas it
vapor pressure of an mdmdual specxes
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reaction rate L
mass separating agent' ;=
temperature y
= dew point
.= target temperature-*
= amount of heat released.
= minimum cooling duty: ="
= index for processing units
= flow rate of vth gas stream.: i
= flow rate of wth liquid st.ream .
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= maximum theoretically attainable
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s . stream '
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experience, training, and instincts. An
integration mindset mandates that the
big picture be addressed first using
fundamental principles and that de-
tails be reserved for later. This “sci-
ence of the big picture” approach al-
lows the correct structural decisions to
be made at each stage of problem
solving without slipping into unneces-
sary detail. This is the power of the
integrated approach.

But, it is difficult to implement and
to make this mindset stick. There is a
strong tendency to slip back into tradi-
tional problem solving, which is more
intuitive and much more focused on
building a solution from the details up
rather than from the big picture down.
This, though, results in suboptimal so-
lutions that take a longer time to gener-
ate, because much of the effort is spent
on the (unnecessary) details.

The integration mindset causes en-
gineers to see the forest first and
worry about individual trees later.

Tools. The final element of change
is a suite of integration tools that com-
plements existing process simulators
and design programs. Because design
will be performed differently, existing
tools will assume different roles than
they historically have.

For example, process simulators cur-
rently are used for what we term “de-
sign by case study.” The existing pro-
cess is first simulated in detail and, then,
design changes (different cases) are test-
ed to determine their impact on perfor-
mance. This is repeated until no other
ideas are apparent or until time expires.
One of the resulting solutions then is
implemented. This approach generates
workable but suboptimal designs.

Design using integration principles
makes far less use of process simula-
tors in the early stages. The major
structural decisions can be made with
simpler models, together with visual-
ization techniques that put engineers
in a stronger decision-making role.
This generates better designs in a
shorter amount of time.

The integration tools can be con-
structed intemally or acquired exter-
nally. Each company must decide the

source of the tools and how much ex-
ternal support is needed in using them.

An optimal approach

As this article has emphasized,

there is now a “science of the big pic-

re.” It adopts a different problem-
solving philosophy — addressing the
big picture first using fundamental
principles, then dealing with details
only after the major structural deci-
sions have been made — and can de-
liver immediate, substantial, and far
ranging benefits.

This approach is bolstered by pow-
erful tools that treat industrial pro-
cesses and sites as integrated systems.
Proven and ready to use, these tools
are highly effective for the full range
of a company’s processing objectives,
including site planning, process devel-
opment, process design, resource con-
servation, regulatory compliance, and
operations planning and control.

This combination provides compa-
nies with a unique opportunity to align
technology with corporate strategy, and
to create, defend, or extend their com-
petitive advantage. |
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