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Minimize waste hy
managing process design

Process integration techniques are inherently conservation oriented because they
are supposed to enhance process efficiency (and save money) by minimizing the
use andfor maximizing the recovery of energy and materials.

Frank W. Buehner

Alan P. Rossiter
rocess integration is highly
compatible with and comple-

I mentary to the philosophy of

pollution prevention. Preventing pollu-
tion requires overall process designs
that are intrinsically environmentally
friendly, not only the addition of pollu-
tion control equipment. Because pro-
cess inlegration techniques provide a
basis for analyzing and developing
designs in their enlirety, they can
readily be focused on pollution preven-
tion objectives. Here we describe how
process integration techniques are
being applied to pollution prevention
problems and use examples Lo illustrate
three main areas of process integration:
pinch analysis, knowledge-based
approaches, and numerical and graphi-
cal optimization approaches (/, 2).

Thermal pinch analysis

Thermal pinch analysis is based on
rigorous thermodynamic principles
used to construct plots and perform
simple calcujations that yield powerful
insights nto heat flows through pro-
cesses. The technique is widely used to
determine the scope for energy savings
in industrial operations and to define
possible process changes to reduce
intrinsic energy consumption. During the
past 15 years pinch anaiysis has become
the method of choice for identifying a
wide range of process improvement
options, inciuding optimal plant utility
systems and cogeneration schemes, heat
exchanger networks (HENS}, capacity
increase, vield improvement, and—of
course—emission reduction (3). Other
important technical developments
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Figure 1. Thermal pinch analysis uses composite curves to show where heat flow is
restricted. The compaosite curves are derived from a stream-hy-stream analysis of the heat

sources and sinks within a process plant.

made with the use of pinch analysis
inciude pressure drop optimization,
multiple-base-case design, distillation
calumn thermal profile analysis, low-
temperature process design, balch
process design, total site integration,
emissions targeting, and water pinch
{4).

In the environmental context, ther-
mal pinch analysis is useful in deter-
mining the extent to which energy
consumption can be reduced for the
same amount of product manufac-
tured. This approach generally results
directly in reductions of NO,, SO,
CO, and CO, (5, 6). It also guides the
engineer in the generation of design
options for reducing other process-

related emissions.

The key concept of thermal pinch
analysis is the concepl of heat flow as
a function of temperature based on
driving force, the simplest representa-
tion of which are the hot and cold
composite curves (7). The composite
curves are derived from a stream-by-
stream analysis of the heat sources
and sinks within a process plant, and
then overall energy availability and
energy demand profiles are developed
in terms of temperature and heat load
(Figure 1).

Most processes display a pinch—a
region on the plot at which the curves
come very close together. It represents
a restriction in the flow of heal within
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the process and sets a practical limit on
the possible amount of heat recovery.
Analysis of these curves provides far-
gets for hot and cold utility consump-
tion and for process—process heat
recovery. Targels, in this conlext, are
realistically attainable goals based on
thermodynamic and economic pringi-
ptes. One unique aspect of targets
defined by pinch analysis is that largets
can be obtained before detailed design,
thus allowing the designer to explore
various options without the added time
and expense of carrying out detailed
simulations and costings.

The early use of pinch analysis for
emissions reduction is illustrated by
the results of a major energy-saving
campaign at BASF’s Ludwigshafen
(Germany) factory in the early and
mid-1980s (&8). A number of tech-
niques were applied to reduce energy
consumption, including changes in
product mix, modifications in the site
heat and power system, und various
other efficiency improvements. Pinch
analysis, then in its infancy, also
formed a major part of the campaign,
and pinch methods were used to
improve the heat integration of most
of the major processes on the site. A
simple payback of one year or less,
based on energy-saving potential
alone, was required for each project.

The campaign’s total energy sav-
ings (as fuel) amounted to 790 MW,
and these savings were achieved with
increased production. The improve-
ments in energy efficiency in the indi-
vidual processes directly reduced the
fuel firing requirements at the factory.
Combustion-related airborne emis-
sions and ash residues therefore
decreased. In addition to these bene-
fits, wastewater discharges were also
reduced, because less waler treatment
was required for steam and cooling
water. The emission reductions were
substantial.

Carbon dioxide 2401on/h
Sulfur dioxide 1.5 ton/h
Nitrogen oxides 0.8 ton/h
Ash 46 [b/h
Carbon menoxide 15 Ib/h
Wastewater from

water treatment 77 ton/h

Significantly, these benefits, accom-
panied by a reduction in energy-
related operating cosls, were obtained
“automatically” when the energy ef-
ficiency of production processes
improved.

More recently, pinch analysis has
been used explicitly to reduce emis-

The difference between
process integration and
process simulation

Process integration is used to identify
the most appropriate flow sheet struc-
tures and optimize flows and equipment
sizes. Process simulation, on the other
hand, is used to develop accurate heat
and material balances and physical
properties data for a given flow sheet.
Process integration is used to change
the design itself, whereas process simu-
lation is used to understand the operat-
ing characteristics of the current design.

Process integration activities can often
be carried out with only limited data about
the process under consideration. To apply
process simulation fully, however, there
must be sufficient information to define
all flows, compositions, temperatures,
pressures, and equipment sizes. Both
process integration and process simula-
tion are essential to the development
and improvement of process designs,
and these closely related activities gen-
erally take place in parallel.

The methodologies of industrial pro-
cess design do not, in general, attempt
to invent new types of equipment or unit
operations. On the contrary, they are
meant to ensure that existing process
technologies are selected and intercon-
nected in the most efficient ways (e.g.,
in constructing heat exchanger net-
works with the optimal balance of capi-
tal and energy costs). These same basic
methods, useful for minimizing cost,
can also be used to explore the three-
way relationship among capital cost,
operating cost, and environmental opti-
mization.

sions. In 1991 and 1992 German
chemicals giant Bayer conducted a
systematic study of CO, emission
reduction options at their Leverkusen
factory using total-site pinch analysis
as part of their effort to reduce com-
bustion-related emissions (9). Lever-
kusen, Bayer’s largest facility,
provides for a wide range of chemical
processes (baich and continuous,
organic and inorganic) at the site. The
factory’s power station burms coal and
fuel gas to produce steam at ]10 bar,
This steam is let down through tr-
bines to 31 and 6 bar, at which levels
it is used for process heating.

The study identified many opportu-
nities for reducing CO, emissions
while lowering energy costs, includ-
ing heat integraticn and various pro-
cess changes within the individual
production unit as well as meodifica-
tions to the steam/power system. The
maximum theoretical scope for CO,

reduction was 28%. However, if only
projects with an incremental payback
of fewer than three years were imple-
mented, this percentage decreased (o
8%. For many energy integration
projects, short payback times can
exclude potentially large energy
reduction projects and their directly
related pollution reduction effects.

WaterPinch analysis

In peneral, reducing wastewaler can
be accomplished by reducing a plant’s
freshwater demand by process opera-
tion improvements, for example, by
replacing waler cooling with air cool-
ing, improving controls of boilers and
cooling-tower blowdowns, or increas-
ing the number of extraction stages to
reduce waler demand. Another
method 15 1o increase water reuse in
the process and urility systems. This
system works if the outlel water from
one operation can satisfy the require-
ments of another operation or, in
some cases, the same operation, The
waler may require some trealiment
before reuse. The two main reuse
options are direct, where the outlel
water from one unil operation can
directly satisfy the water demand of
another operation (the outler water is
clean enough for the next operation),
and regeneration, where the outlet
waler from one operation is treated
(regenerated) to make it suitable for
use in another water-consuming oper-
ation. Types of regeneration include
simple pH adjustmeni and physical
removal of unwanted impurities by
filtration, membrane separators, sour-
water strippers, ion-exchange sys-
rems, and other means.

Traditionally, freshwater use and
waslewater generation have been
reduced by considering design improve-
ments in individual unit operations or
by ideniifying water reuse opportuni-
ties across unit operations without sys-
tematic consideration of the overall
process or the total site. Recently, such
an approach was developed to maxi-
mize waler reuse within processes and
sites (/). This approach has been
modified and dubbed WaterPinch.

The WaterPinch analysis method
uses two main tools: visualization and
rapid screening, for design options;
and mathematics, for quantification of
results, The WaterPinch approach is
represenied in Figure 2 (p. 66). It uses
purity as the vertical axis and water
flow rate as the horizomtal axis. Each
water-related process operation has
input and cutput water streams. There
can be several input and output water
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Figure 2. WaterPinch analysis can suggest ways to use less water in a process. ﬂ;

input water streams of all the water-using operations are plotted in 2 demand composite
form to define the water demand for the overall plant, and the output water streams are
plotted to construct the source composite for the plant. The overlap between the source
and the demand composite (shaded areas) indicates the scope for reuse.

streams at different purities for a single
operation. The input water streams of
all the water using operations are plot-
ted in a “demand composite™ form to
define the water demand for the overall
plant (Figure 2). Similarly, the cutput
walter streams for all the operationy are
plotted to construct the ““source com-
posite” for the plant. Constructing the
demand and source composiles is simi-
far to constructing the thermal compos-
ite curve, shown in Figure [.

The overlap between the source
and the demand composite (shown by
the shaded arcas) indicates the scope
for reuse. The available overlap is
limited by the “pinch point” between
the source and the demand composite.
Minimum freshwater demand and
waslewater generation without water
mixing are also identified in Figure 2.
This point is described in more detail
later.

The representation also guides the
designer to identify specific design
actions to increase water reuse (Fig-
ure 3). By combining water sources
from uniis A and B, we generate a mix-
ture of intermediate purity, shown as
“Mix.” This mixiore relieves the exist-
ing pinch-point bottleneck, allowing
further overlap of the source and
demand composiles and increasing
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| overall recovery in the process. This

WaierPinch diagram also provides
design guidetines. For example, water
demand C should be satisfied by a
mixture of water from the outlets of
units A and B with some water from
unit D. The WaterPinch approach
therefore not only sets the targets but
also recommends appropriate network
design changes that maximize the
reuse of water.

The visual representations can also
be implemented in an equivalent
mathematical form. The mathematical
tool, involving a mixed-integer, non-
linear programming algorithm, allows
the user to handle complex water net-
works with ease. The user can switch
between mathematical and visual
modes al any stage. The mathematical
tool allows the user to handle com-
plex water networks with ease. For
example, systems with multiple con-
taminants and several operations can
be analyzed in a reliable, quantitative
manner. For large problems, the user
may find it easier to start with the
mathematical tool and visualize sim-
plified solutions. The mathematical
tool also allows consideration of prac-
tical issues, such as geographical and
operability constraints or different
costs of freshwater and treatment.

Unitever (Vinamuf, Warrington,
England). This factory produces more
than 200 products mncluding paints,
glues. and adhesives. The polymer
emulsion process is a complex batch
operation. Product specifications are
tight, and different products are made
in the same vessels. which must be
cleaned to prevent cross-contamina-
tion. Historically, to guarantee product
intearity, the plant used large quantities
of freshwater supplied 10 each individ-
val user (Figure 4, p. 68). Changing
environmental percepticns and rising
costs for raw waler and municipal
water treatrment prompled the company
10 reevaluate its philosophy.

Given the number of chemical
components required to produce all of
the products at Unilever, 11 was
clearly not feasible (o evaluate flows
and concentratiens of each com-
pound. However, it was possible to
treat all product compounds in water
as a single contaminant without sig-
nificant loss of accuracy (/7). With
the use of the WaterPinch procedure,
a new design was developed that
requires only one new intermediate
storage tank and some alterations to
piping and drainage systems. The
practical results involved use of con-
taminated walter at specilied pressures
for precleaning and a [inal wash and
use of freshwater only where
required. If this new procedure is
implemented. site freshwater demand
and wastewater production will
decrease by 50 and 65%, respectively,

In this particular case, the direct sav-
ings in freshwater makeup costs and
wastewater discharge costs are proba-
bly less than $100.000/year—not large
compared with total processing costs;
however, the modified design reduces
the volume and increases the concen-
tration of the effluent. This result
should significantly reduce the capital
cost of municipal treatment. A new
reatment technology currently under
development could result in total
recovery of the product species from
the effluent for recycling. Combining
this new technology with wastewater
minimization could result in significant
savings and would also be a major step
toward zero waste discharge.

Monsanto Chemical (Newport,
Wales). Effluents from seven process
units at Monsanto’s site are currently
collected together, adjusted for pH.
and then discharged along an outllow
into the River Severn estuary, The
United Kingdom’s National Rivers
Authority indicated that discharge
levels would not be acceptable afler
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Figure 3. The WaterPinch representation also guides the designer to identify specific
design actions to increase reuse of waler. By mixing water sources from units A and B,
we generate a mixture of intermediate purity (Mix). This relieves the existing pinch-point
bottleneck, allowing further overlap of the source and demand composites and increasing
the overall recovery in the process. Top: The targeting and visualization step. Bottom: The

resulting design.

1997 and that discharge of chemnical
oxygen demand {(COD) had to be
reduced by 90%. The cost to achieve
this reducticn was estimated at
$15 million.

The WaterPinch study results indi-
cated that site freshwater usc could be
reduced by 30% in a cost-effective
manner. Consequently. the decrease in
effluent volume would have a signifi-
cani effect on the size of the effluent
wreatment facility; however, reducing
the COD load was of importance as
well. The projects that were identified
not only reduced wastewater flow but
also reduced the COD load by 76%.
For the remaining effluent, a pinch
analysis method for the design of a
distributed effluent treatment system
was used. This method combines
streams for special treatment when

appropriate and segregates them when
required. In this case, a small reed
bed was recommended. The final
effluent volume to be treated was
reduced by 95%, and the capital cost
for the reed bed was approximately
$500.000.

Other bernefits resulted from the
study as well, such as savings of
$300,000/year in water and $700,000
in other raw materials (these recov-
ered raw materials would be lost in a
centralized treatment facility). In the
end, Monsanto was able to solve a
difficult environmental problem with-
out an unproductive investment of
$15 million; the total investment was
$3.5 million, and the company gained
an operating cost savings of $1 mil-
lion annually.

This project won The Chemical

Engineer’s Excellence in Safety &
Environmental Award, sponsored by
the Institution of Chemical Engineers,
m 1995 (/2).

Knowledge-based approaches

The knowledge base we’re consid-
ering is founded on the many univer-
sal features common to almost all
industrial processes. A knowledge-
based {or expert} system is used (0
describe a class of artificial intelli-
gence apphications embodying a sys-
tem of rules based on an area of
expert knowledge. However, we use
the term in a broader sense, describ-
ing all process synthesis and process
integration methods that build on an
accumulated knowledge base of
proven ideas. These ideas include
processing steps for material conver-
sion, material separations, material
recycling, and energy utilization.

Typically, processes involve the
conversion of one or more feeds into
one or more products, Some type of
material conversion step—commonly,
a reactor—is required, but in some
cases, unit operations such as crystalli-
zation or digestion may be involved,
The material from the conversion slep
1s usually not the final product. Uncon-
verted feed materials and byproducts or
wastes must be removed; thus, some
type of separation 18 needed. Again,
the type of separation system varies
with the process. Distillation is gener-
ally regarded as the workhorse of the
refining and petrochemicals indus-
tries; fractional crystallization is often
used for close-boiling sysitems; and
various types of solid-liquid separators
(e.g., filters, centrifuges, and hydro-
cyclones) are common in processes
making crystalline inorganic and
organic products. Paper machines that
separate pulp from white water are one
example of solid-liquid separation in
the pulp and paper industry. Notwith-
standing the array of equipment types,
the basic requirement for processes is
the same across all the industrial sec-
tors: separation of matenal into product
and nonproduct streams.

The fate of the separated maiecials is
also similar in most processes. Streams
intended as producls may be in their
final form as they leave the separation
system, or they may require some fur-
ther processing step or steps (such as
drying, agglomeration, or further puri-
fication). Nonproduct streams are gen-
erally recycled or purged. Thus, there
are only a few structural options in the
design of most processes.

Another common deneminator for
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Figure 4. Decreasing water use in a polymer plant. By apolying the wastewater pinch
procedure to the original design (top) for Unilever’'s Vinamul factory, a new design (bottom)
was developed that requires only one new intermediate storage tank and some alterations

to piping and drainage systems.

all indusirial processes is energy.
Thermal energy is typically supplied
by steam, fired heaters, or electric
heaters of various types. Heat may be
remeoved by ambient cooling (using
air or water) or, al lower lcmpera-
tures, by refrigeration. Jt may also be
recovered within a process by heat
exchange between process streams.
Mechanical energy (usually derived
from steam lurbines, gas turbines, or
electricity) is used for pumps and
compressors as well as to drive other
items of process cquipment.

The differences among individual
processes are obviously significant
and should not be ignored. However,
the foregoing discussion illustrates an
important truth: The similarities are
far greater than the differences—even
when considering industries as varied
as oil refining, pulp and paper pro-
duction, pharmaceuticals manufac-
ture, and food processing. This
premise forms the feundation of the
knowledge-based methodologies
developed for generating new process
designs and identifying promising ret-

rofit options.
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In the context of waste minimiza-
tion, knowledge-based approaches
include the transfer of specific pollu-
tion prevention ideas directly from one
application to others (13, {4); hierar-
chicul design and review procedures, in
which the logical sequence of flow
sheet evolution provides a framework
for identifying and evaluating waste
minimization options (/5, 76); and, of
course, artificial intelligence (/7), in
which computer programs mimic
human thought processes to develop
“clean™ process designs.

These approaches can be used for
developing new designs or for identi-
{ying retrofit options, often starting
with minimal data. In new plant
design, use of this type of procedure
generally results in one or more
“good’” designs for the process—
those that would be cost-effective
with low emissions. In retrofits, they
typically generate a list of potential
process improvements for use in
Tevamp projects.

Amoco (Yorktown, YA). The meth-
odology used in this retrofit study of a
refinery was a hierarchical review (sec

box}. It was applied 1o the crude unit.
fluid catalytic cracker (FCC), and the
sour-water system at Amoco’s
53,000 BBSD Yorktown Refinery (/6).
Several process improvement opportu-
nittes were identified, all based on
known technologies and available
equipment types, but in several
instances with novel applications. The
procedure enabled these ideas ta be
generated very quickly, with only lim-
iled process data. The basic concepts
are illustrated by the following discus-
sion of the recyclefreaction structure of
the FCC.

At this level in the analysis, the
process is broken down into its major
component sections (typically. reac-
tion and separation) with interlinking
streams and recycles (see box Hierar-
chical review). Where data are avail-
able, one can assess the impact of
reactor conditions on waste formation
and evaluate some of the major trade-
offs in the process. These trade-offs
typically include reactor conversion.
separation and recycle cost. and waste
generation attributable to byproduct
reactions. Here are the key guestions
for this level.

m Do any “waste’” oulpul streams
contain feed or product material that
could be recovered and recycled?

m Can reaction conditions be altered
to minimize formation of “waste”
byproducis?

m Can “waste” byproducts be recy-
cled to extinctien?

When these guestions were applied
to the FCC, two significant oplions
were generated. First, the reactor uses
26,000 Ib/h of steamn from the utility
sleam system. If this steam were
replaced with steam generated from
process waler {(e.g., contaminated con-
densate from the distillation secticn of
the unmit}, then the liquid effluent from
the FCC could be greatly reduced.
Although this steam would contain vol-
atile hydrocarbons (rom the process
waler, il should not pose a problem
because it is returned directly o the
process. Moreover, these volatile
hydrocarbons would be recoversd in
the reactor, thereby reducing hydrocar-
bon losses.

Second, used wuashwater is col-
lected ar several points and then
purged from the process. 1f i1 were
recovered and recycled (or if recycled
water from other sources could be
used for washing in place of freshwa-
ter), then the freshwater usage and
waslewater generation could be
reduced by up to 10.500 Ib/h.

Besides providing environmental



Hierarchical review

Hierarchical review provides a system-
atic evaluation of the process flow sheet.
The basic premise is that process design
proceeds via a series of decisions that
involve progressively greater levels of
detail. For example, the most basic ques-
tions are whether the process is to be
operated continuously or in batch mode,
which product(s) will be produced, and
which feed(s) should be used.

these conceptual choices have been made
is it appropriate to consider the selection
and design of individual equipment items.

By identifying the key decisions and
implementing them in the correct order,
one can identify good design or retrofit
options with minimal effort and rework.
At each stage there are certain questions
to address, heuristics to apply, and
trade-offs to consider.

Product

Byproduct

Waste

After resolving these issues, consider
the recycle structure and material con-
version aspects of the design. Here is a
vapor—liquid recycle structure typical
for many petrochemical processes.

Historically, the questions and heuris-
tics have focused on optimizing the trade-
offs between capital and operating costs.
Applied in the environmental context, the
focus changes: The objective becomes

Vapor recycle

. Purge

Féeds Reaction

L

Product

Separation Byproduct

system

system Waste

f W 3

Liquid recycle

Further details, such as the separation
system, vapor recovery and/or product
drying options (where needed), and heat
integration can then be added. Only after

benefits, all of the projects identified
in the Yorktown study result in sav-
ings in raw materials and/or utilities
(water, steam, or fuel). The potential
benefits and savings of the identified
projects inctude

m climinating surplus water in the
sour-water system, reducing a poten-
tial source of odors;

m reducing desalter brine flow by
30%;

m recovering up to 7300 bblfyear of
raw material (with equivalent reduction
in loading in water treatiment plant);

m saving more than 30 MMBtu/h in
fuel firing; and

m recovering another 20 MMBiru/h in
fuel gas.

Numerical and graphical
optimization approaches

There are a variety of numerical
optimizalion approaches, from simu-

the generation of new design or retrofit
options for source reduction or beneficial
recycle. Where appropriate, end-of-pipe
options are also identified.

lation using simplified mathematical
models of the process to sophisticated
mathemalical programming methods.
These appreaches are often combined
with cost equations 10 quantify the
impact of design decisions on process
economics. Graphs can provide a
visual representation of the effect of
varying design and/or operaling
paramelers and often enhance the use-
fulness of the results.

These approaches have been
applied 10 & number of environmental
problems. For example, simple math-
ematical models have been used to
develop cost-versus-emissions limit
curves {(/8). These curves allow engi-
neers and regulators to explore the
impact of process changes on cost and
emission levels as well as to define
the most cosr-effective means of
achieving an emission targel. More
sophisticated techniques {lnear and

Steps in a numerical approach
to reducing emissions

1. List emission sources, emission
rates, and applicable pollution preven-
tion and control options. This estab-
lishes a “base case” and defines the
scope of the study.

2. Establish the range of application
and the cost relationships for each of
the waste minimization or control
technologies. Cost versus benefit is
determined for each individual technol-
ogy, using data from the literature or
from vendors.

3. Determine the mutual compatibility
of each technology with each of the
others. Certain technologies cannot be
used together; others can be combined,
but their joint benefits are less than the
sum of their individual benefits. These
relationships must be defined.

4. Calculate the maximum reduction
in emissions achievahle with each
technology and each permissible com-
bination of technologies, and then
determine the corresponding total
cost. Apply the cost and emission rela-
tionships established in step 2 and the
compatibility rules established in step 3.
Total annualized cost (TAC) is a very
convenient basis for comparing costs

TAC = (operating cost) +
b x (capital cost)

where b is the “annualization factor.”

5. Establish which technology or com-
bination of technologies provides the
“least-cost solution” for any given
reduction in emissions. This can gen-
erally be done simply by inspecting the
results obtained at step 4. However, if
many options must be evaluated,
spreadsheet methods or mathematical
programming techniques may be more
appropriate.

6. Plot the results (minimum cost vs.
emission rate). The table of least cost
options generated at step 5 can be plotted
directly as a minimum TAC-versus-
emission rate plot. This curve represents
the lowest expenditure required to reduce
emissions from the base case to the
specified level using the available technol-
ogies. Alternatively, the TAC values can be
divided by the reduction in emissions
(compared with the “base case”) to give a
“minimum average control cost plot”
(shown in Figure 5, p. 70).

nonlinear programming, with and
without mixed integers) have been
used in many different applicalions.
Such methods include minimizing
waler use and decreasing wastewater
generation rates from production
fucilities (/9), minimizing waste in
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Figure 5. The first 10% reduction in emissions can be obtained at a ““profit’”’ by heat integration. In this minimum average control cost
plot, the operating cost savings exceed the annualized capital cost for the heat integration madification, and the compliance cost is nega-
tive. Additional reductions reguire more expensive contrel technologies. FCC/CO, the fluid catalytic cracking unit with its associated CO
boiler. Other abhreviations are shown in Table 1.

pulp and paper operations (20), and
synthesizing reverse-0smaosis nel-
works for waste minimization (27).
Similar approaches have also been
used for real-time optimization 10
minimize emissions; for exampie,
mixed-integer linear programiming
techniques can be used for optimizing
the selection of on-line plant utjlity
system equipment to minimize NQ,
emissions (22),

Simple numerical and graphical
procedures provide a very useful
means for representing the relative
costs and benefits of competing tech-
nical options for pollution prevention.
They can be used in new design and
retrofit applications and are particu-
larly well-suited to dealing with
options for reducing airborne emis-
sions. This approach, therefore, is a
powerful tool for identifying cost-
effective strategies for reducing air
pollution from industrial facilities.
The principal steps are sumimarized in
the box for a system in which the goal
is to reduce NO, emissions.
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The procedure is illustrated by an
example based on NO, emissions
from an oil refinery (23}, The main
NO, sources were boilers, furnaces,
and the FCC umit and its associated
CO boiler {24).

Emissions,
Boiler/furnace |h/MMBtu tired
Fuel gas 0.2
Residual fuel ail 0.43
FCC/CO 03

These figures include allowances for
both “fuel NO,” and “thermal NO,.”
The FCC/CO value includes coke
burned in the regenerator and fuel gas
fired in the CO bwmler, and the litera-
ture valuc has been adjusted to
account for this,

The options considered for mini-
mizing NO, emissions include the
conservation methods, combustion
modifications, and stack gas controls
shown with their cost-and-benefit
data in Table |. The A value of 0.27
was used for the annualization factor

b, which is equivalent o requiring a
15% rate of return with a 5-year plant
life.

The minimum average control cost
plot is shewn m Figure 5. The base
case refinery has NO, emissions of
2086 tonsfyear (0.12 I1b/bbl). The first
10% reduction in emissions can in fact
be obtained at a “profit” by heat inte-
gration, because the operating cost sav-
ings exceed the annualized capital cost
and the compliance cost is therefore
negative. Beyond this point, fuel gas is
in excess and would have to be Nared,
so there is no incentive for additional
heat integration. Further reductions in
NO. emissions require different (and
increasingly expensive} combinations
of control technologies. For all of these
options, either operating costs are not
reduced or the amnualized capital cost
exceeds the operating cost reduction.
Consequently, the average control cost
rises on Figure 5 as each one is added.

The maximum recduction in NO,
emissions using the available technolo-
gies is 91.8%, yielding an emission rate




Table 1. Costs of NO, control options

Capital cost, Costimplications, $/tan NO, removed o yp_

Technology $/(MMBtu/h)  Operating cost Savings reduction

Heat integration (HI) MNong? NA 11,000-25,000  10-30

Low excess air {LEA) 1920 NA 640-1550° 15
burners

Staged fuel or staged 1920 None None 55
air burners (SB)

Flue gas recirculation 3500 75" NA 75
(FGR)

Selective noncatalylic 1300 800 NA 70
reduction (SNCR)

Selective catalytic 30,000 1100 NA 85
reduction (SCR)

Source: References 24 and 25.

4 The scope and economics of heat integration are site specific and are most easily estimated using pinch analysis.

¥ Fuel savings = 1%.
< Per year/(MMBtu/h).
NA, not applicable

of 175.5 tons/year. However, it is sig-
nificant that the net savings attributable
to heat integration exceed the nel costs
of the other options for reductions of
up to 80.5% (406.8 tons/year released).
The average control cosl is negative for
reductions up to this level. Beyond this
point, it becomes necessary 1o incorpo-
rate selective calalytic reduction (SCR}
into the contro! strategy for the
FCC/CO boiler, causing a steep rise in
costs. In effect, the final 231.3 tons/
year of NO, elimination costs nearly
$15 million/year ($65,000/ton). The
markel rate for NO, offsets is in the
range of $25,000-$30,000/ton. How-
ever, some currenl legislation man-
dates the use of SCR in certain
applications.

Only a few scenarios were consid-
ered in this particular study, and the ljst
of options is not exhaustive. However,
it is a simple matter 1o add further
options {e.g., fuel substitutions) and
rank them alongside those considered
here, using the same procedure.

This graphical approach has two
main benefits. First, it provides a
generic methodology for evaluating
and ranking available industrial waste
minimization and pollution control
technologies. The plots obtained using
the procedure give a clear, concise, and
casily understood representation of the
economic implications of environmen-
tal compliance options. Designers and
plant owners thus have a good basis on

which 10 make decisions about techni- |

cal solutions to emission problems.
Second, it introduces a rational basis
for establishing “standards of perfor-
mance” for each industry or each man-

ufacturing site. The approach is also
consistent with the concept of “market-
based” environmental legislation and
could therefore be useful in developing
future environmental regulations.

Assistance

Government agencies and indus-
trial sources arc available to assist
companies who generale waste prod-
ucts by funding of energy, air and
water pollution studies and projects
(25). These sources offer additional
incentives for decreasing pollutants
released to the environment.

In the United States, the Electric
Power Research Institute, the U.S.
Department of Energy, the U.S. Envi-
ronmental Protection Agency and the
Gas Research Institute. are among
those who help fund programs meet-
ing specific criteria. The electric utili-
ties help fund projects assisting
customers (o become more profitable
and continue to be viable in the mar-
ketplace. Other local programs in the
United States help fund regional and
local pollution issues.

In Canada, the Federal Agency,
Natural Resources Canada, funds pro-
grams. The European Community
(EC) also offers incentives for reduc-
ing pollution: In Holland, Novem,
Gasunie, and the International Energy
Agency fund studies for improving
energy cfficiency and reducing CO,
generation. A number of covenants
have been made between branches of
industry and the Ministry of Eco-
nomic Affairs to be 20% more effi-
cient in the 10 years from [990 to the
year 2000

The THERMIE project for the pro-
moetion of energy technology is a vital
part of the EC’s strategy for meeting
the energy challenges that must be
faced today for a secure temotrow. In
Spring 1995 a European Union regu-
fation introduced special public rec-
ognition for companies (hat
demonstrate outstanding efforts (o
improve environmenial performance.
Under the Eco Management and
Auditing Scheme (EMAS), firms
meeting an auditing scheme similar 1o
the International Standards Organiza-
tion Y000 quality certification can dis-
play an EMAS logo on their
publications and stationery and in
image acvertising (20).

Conclusions

Exlensive regulations face industry,
and it is unclear where and when the
current situation will end (27-30). 1t
is clear that, for many industries,
eliminating pollution generation is
better than facing the ongoing, never-
ending list of regulations thal now
exist and will be promulgated in the
future.

Process integration methods can be
applied to a wide range of pollution
prevention problems—new designs and
retrofits; vapor, liquid, solid, and multi-
media discharges; and continuous and
batch operations. The three types of
process integration described here have
somewhat different areas of application
and tend to yield different, ye1 comple-
mentary, results. Consequently several
methods are often used together when
addressing a design problem. The
numerical optimization approach s
most appropriate when only a few
well-defined design options require
evaluation. For complex processes with
multiple variants, the simulation effort
can become overwhelming, and the
other approaches—especially knowi-
edge-based methods—are needed (o
identify potentially attractive options
and narrow the scope of the problem.
The pinch approach is good for identi-
fying fundamental insights into heat
transfer and mass transfer problems,
which can result in step-change design
improvements.
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IMAGINATION IN SCIENCE

Whatever we are allowed to imagine in science must be consistent
with everything else we know—that the electric fields and the
waves we talk about are not just some happy thoughts which we are
free to make as we wish, but ideas which must be consistent with
all the laws of physics we know. We can’t allow ourselves to seri-
ously imagine things which are obviously in contradiction to the
known laws of nature. And so our kind of imagination is quite a
difficult game. One has to have the imagination to think of some-
thing that has never been seen before, never been heard of before.
At the same time the thoughts are restricted in a straitjacket, so to
speak, limited by the conditions that come from our knowledge of
the way nature really is. The problem of creating something which
is new, but which is consistent with everything which has been seen

before, is one of extreme difficulty.
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Richard P. Feynman
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