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Abstract

Waste reduction through source reduction and on-site recycling is an important aspect of pollution prevention. Techniques of process integration
may be used for pollution prevention. In this paper an algorithmic procedure is presented to reduce waste generation through maximizing on-site
reuse/recycling. The proposed methodology is based on the pinch principles and establishes a minimum waste generation target prior to the detailed
network design. A new graphical representation called source composite curve, is utilized to understand the targeting philosophy. Minimum waste
targeting algorithm is applied to address different problems such as water management, hydrogen management, as well as material reuse and
recycling. Appropriate changes in a process or process modification can further reduce the waste generation. In this paper a methodology is

presented to reduce waste generation through process modifications and it is demonstrated through an example.
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1. Introduction

Pollution prevention consists of reduction of sources of pol-
lution and recycling. Source reduction implies any activity that
reduces or eliminates the generation of waste at the source, usu-
ally within a process. Waste generation that cannot be prevented
should be recycled in an environmentally safe manner. Waste
that cannot be feasibly recycled should be treated in accordance
with environmental standards and regulations and disposed off
safely. Source reduction or reduction of waste generation is the
first step in a hierarchy of options for reducing pollution. Process
integration techniques may be used for pollution prevention by
reducing generation of waste.

Techniques of process integration are primarily used for pro-
cess design (both grassroots and retrofits) with special emphasis
on efficient utilization of resources and reducing environmental
pollution. Process integration is a system oriented and integrated
approach to industrial process design with an objective of sus-
tainable development. Pinch analysis has established itself as a
structural tool for analyzing and developing efficient processes
through process integration. In this paper a new pinch analy-
sis tool, called source composite curve, has been introduced to
reduce waste through an integrated design approach.

* Tel.: +91 22 25767894 fax: +91 22 25726875.
E-mail address: santanu @me.iitb.ac.in.

1385-8947/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2006.08.007

Pinch analysis, which began as a thermodynamic-based
approach to energy conservation [1], has evolved over the years
to become a powerful tool for process integration and resource
optimization [2—4]. Pinch analysis has been fruitfully used in
analyzing heat exchanger networks [3], utility systems [5,6],
mass exchanger networks [7—10], water networks [11], distilla-
tion column [12-16], production planning [17,18], etc. Pinch
analysis recognizes the importance of setting targets before
design. This allows different process design objectives to be
screened prior to the detailed design of the process. Pinch anal-
ysis provides graphical representation tools and full control to
the process designer over decision making processes.

For every application of pinch analysis different graphical
representation tools have been proposed. For example, com-
posite curves and grand composite curve have been proposed
for targeting heat exchanger networks [3]; optimal load dis-
tribution diagram has been proposed for utility system [6];
concentration—contaminant load diagram [11], concentration—
flow rate diagram [19], water surplus diagram [20] and source
and sink composite curves [21,22] have been proposed for fresh-
water targeting; invariant rectifying and stripping curves have
been proposed for distillation column [12]; mass exchange grand
composite curve has been proposed for mass exchanger net-
works [23,24], etc. Associated with different representations,
different algorithmic procedures, graphical and/or algebraic,
have also been proposed. Primary objective of this paper is
to propose a single graphical representation and a uniform
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Nomenclature

f flow

F total flow

N cardinality of a set

q quality

0 quality load

R total resource requirement
RVP  Reid vapor pressure
w total waste generation
y purity of hydrogen

A overall flow loss/gain in the system
Subscript

comp  compressor

d demand

gen generated

makeup make up

pyro pyrolysis

IS resource

S source

T total

w waste

algebraic procedure to address problems such as water man-
agement, hydrogen management, material reuse and recycling,
etc.

Recently, Bandyopadhyay et al. [25] has introduced a source
composite curve-based approach for simultaneously targeting
distributed effluent treatment system and minimum freshwater
requirement. In this paper the concept of source composite curve
has been generalized to reduce waste production for a variety of
applications. The proposed unified and algorithmic procedure
has been applied to water management, hydrogen management
and material reuse/recycle in a metal degreasing process. The
proposed algorithmic procedure is complemented with a gener-
alized visualization tool, called source composite curve.

Appropriate changes to a process have been accepted as an
effective measure to reduce waste generation and pollution pre-
vention. Issues related to process modification are discussed in
this paper. Different modifications and their effect on waste gen-
eration are explained through an example.

2. Problem statement and mathematical formulation

The general problem of waste reduction using source com-
posite curve may be mathematically stated as follows. In a
process, a set of Ny internal sources (streams) is given. Each
source produces a flow Fg; with a given quality gg;. A set of Ny
internal demands (units) is also given. Each demand accepts a
flow Fgy; with a quality that has to be less than a predetermined
maximum limit gq4;. There is an external source, called resource,
with a quality grs and there is an external demand, called waste,
without any maximum quality limit. There is no flow limitation
associated with the resource and the waste. Flows are denoted

R, s .
‘I—rh N Demand, j = 1
) Fi1, g1 T
2 - Fui qa :
! 2 i Gd; Demand,
SN
AT,

Demand, j = Ny

Fig. 1. A network representing a generalized waste reduction problem.

by a positive real number. Quality is defined as a positive real
number such that higher numerical value indicates its inferi-
ority. In other words, a source with higher numerical value of
quality is inferior to another source with lower numerical value.
Typically, resource has the best quality with lowest numerical
value. The objective of this work is to develop an algorithmic
technique with graphical representation that will identify an opti-
mum strategy for integrating sources and demands to minimize
waste production. A network representing the above problem is
shown in Fig. 1.

Conservation equations for flows and qualities are defined
before developing appropriate mathematical formulation for the
above problem. Whenever two streams with flows F; and F»
and qualities g1 and g, respectively, are mixed, it produces a
mixed stream with flow, F3 and quality, ¢g3. Flows and qualities
are said to obey the following relationships.

Fi+ F,=F; ()
Fiq1 + Faq2 = F3q3 (2)

The product of quality with flow is defined as quality load (Q).
Above equations represent conservation of flow and quality load.

Let f;; denotes the flow transferred from source i to demand
Jj. Due to flow conservation (1), flow balance for every internal
source and for every internal demand may be written as follows.

Ny
Z fij + fiw = Fsi,  forevery internal source i 3)
j=1
Ny
Srsj + Z fij = Faj,  foreveryinternal demand j 4)

i=1

Total waste generation from the process can be expressed as
Ns

W=> fiw ©)
i=1

Similarly, the total resource requirement may be calculated to
be

Nqg
R=> fuj (6)
j=1
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Table 1
Tabular representation of minimum waste targeting algorithm

First column  Second column  Third column

Fourth column

Fifth column Sixth column

Quality Net flows Cumulative flows — Quality load Cumulative quality load Waste flow
. AQr
First row q1 Fi Fi 01=0 01=0 W = —
q1 — qrs
AQr - Os
Secondrow ¢ P Fi+F, 02=F1 (91 —q2) 01+02=F1 (g1 —q2) Wy = I
— Yrs
k
k k=1 k k=1 AQT*ZQI
Kth row a Fx > A Oi=(g1—a (D _F| > 0= Fa-aw Wi = —=—
=1 =1 =1 =1
..n- o )17] -.il. )17] o
nth (last) row g, Fy > F=a Oi=@r—a) | Y F| D> 0= Fla-a)=2a0r -
I=1 I=1 =1 I=1

Taking summation over all internal sources and demands on Eqgs.
(3) and (4), the overall flow balance across the process can be
established.

Ngq Ny Ny Ny
S fsit Y Fi=Y Faj+ Y fiw (M
j=1 i=1 j=1 i=1

Using Egs. (5) and (6), overall flow balance across the process
(7) can be simplified as

Ny
R=) fuj=W-A ®)

j=1

where A = N Fy — Z;yz“lej, a constant for a given pro-
cess. A signifies overall flow loss/gain in the system. Positive A
signifies that there is flow gain in the system and a negative A
implies overall flow loss.

By definition, every demand accepts a flow Fg; with a quality
that has to be less than a predetermined maximum limit gg;. Uti-
lizing quality load conservation Eq. (2), the quality requirement

for any internal demand may be mathematically expressed as

Ny
Jrsjqrs + ZfijCIsi < F4jqd;j,

i=1

for every internal demand j (9)

The objective is to minimize W subject to the constraints
given by Egs. (3), (4) and (9). As all constraints and the objective
function are linear, this is a linear programming problem. There
are (N + Nq + NgNg) flow variables with (Vg + Ng) equality con-
straints and Ny inequality constraints. Therefore, the degree of
freedom for the linear programming problem is (NsNg).

It may be noted that waste generation (W) and resource
requirement (R) and not independent. Eq. (8) implies that R and
W are related by a constant, A. Therefore, minimization of W
implies minimization of R as well. In other words, minimization
of waste generation is equivalent to the minimization of resource
requirement.

The above linear programming problem is solved through an
algorithmic procedure. The proposed algorithmic procedure is
associated with a graphical representation, called source com-
posite curve.

3. Minimum waste targeting algorithm

Algebraic procedure for targeting minimum waste generation
for a given problem is discussed in this section. Applications of
this mathematical technique are demonstrated in the subsequent
sections. Steps of the proposed algorithm are as follows. For-
mulae for each step are tabulated in Table 1.

Step 1: Qualities of all internal sources, demands and resource
are tabulated in decreasing order in the first column. If
value of a particular quality occurs more than once, the
same need not be repeated. Without loss of generality,
it can be said that the quality for kth row is denoted as
qr such that

> qn (10)

qr>qx> > qp> -

Step 2: Net flows (i.e., algebraic sum of flows corresponding
to a quality) are tabulated in second column. Consider
flows corresponding to internal sources as positive and
flows corresponding to demands as negative. For kth
row, net flow is denoted as Fj (Table 1). It may be noted
that the flows concerned are the point flows at each qual-
ity.

Step 3: Cumulative flows are tabulated in third column. Sum-
mation of net flows for all previous rows (Zf‘zl F)
denotes the cumulative flows for kth row. Last entry
in this column gives A, as defined in Eq. (8).

Step 4: Fourth column represents the quality load (Qy) for each
quality interval. First entry in fourth column is kept 0.
For all subsequent columns, the difference between the
last two qualities is multiplied by the cumulative flows
to calculate the quality load and tabulated in fourth col-
umn. Mathematically, quality load (Qy) for each quality
interval can be calculated using the following formula.

0, fork =1

= — 1
O (k-1 — qr) (ZE) , fork>1 an

=1
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Source composite curve

Pinch point

Quality

Waste line with
minimum flow

Waste line maybe
rotated to reduce waste
generation

Quality load

Fig. 2. Representation of source composite curve and targeting minimum waste
flow.

Step 5: Cumulative quality loads are calculated by summing
quality loads for all previous rows (> _;_, Q;) and tabu-
lated in fifth column. Using Eq. (11), cumulative quality
load for kth row may be expressed as

0, fork =1

k

k-1

- 12

;Ql ZFz(ql —qi), fork>1 (12)
=1

Now fifth column (cumulative quality load) may be
plotted against the first column (quality) to obtain the
source composite curve. A schematic source composite
curve is shown in Fig. 2. Bottom entry in the fifth col-
umn signifies the total quality load (AQrt) thrown to the
waste.

n n—1
AQr =) 0r=) Filg —qn (13)
=1 =1

Step 6: Waste generation can be estimated based on the cumu-
lative quality load and the total quality load. Flow for
waste generation is calculated using the following for-
mula for rows such that gy > gys.

AQT—S K
Wy = Ot Zl_lQl’
4k — qrs

forgr > grs (14)

The largest entry in this column is the target for mini-
mum waste generation.

In most cases, resource quality has the least numerical value
(gn=¢rs)- Then, Eq. (14) can be further simplified using Eqgs.
(12) and (13).

k k n—1
szAQT_Zl:1Ql=ZE+ZFl<ql_qn> (15)

k= 4n = AT \%

Any line with a negative slope on this quality (g) versus
quality load (AQ) diagram, passing through the point (AQr,
qrs), represents a waste line. Equation for the waste line may be

expressed as
AQ =AQ0T1— W(g— grs) (16)

Note that the waste line has a negative slope (Eq. (16)) and the
slope is inversely proportional to the waste flow. Eq. (14) can be
derived from Eq. (16) if the waste line passes through (AQr, grs)
and (Zl<k 01, qx) on the quality (g) versus quality load (AQ)
diagram.

To minimize the waste generation, the waste line should be
rotated upwards with (AQT, ¢rs) as the pivot point (Fig. 2). It
should be noted that at any quality, the waste line cannot pickup
more quality load than what is available (as given by the source
composite curve or the cumulative quality load available at any
given quality). Therefore, the minimum waste can be targeted
by rotating the waste line with (AQT, ¢qs) as the pivot point
such that it just touches the source composite curve (Fig. 2).
Maximum entry in the sixth column represents the minimum
waste flow such that it just touches the source composite curve.
Quality that corresponds to the minimum waste flow is called
the pinch quality and the point at with the waste line touches the
source composite curve is known as the pinch point.

In the following sections, applications of source composite
curve are illustrated with various examples.

4. Water management

El-Halwagi and Manousiouthakis [7] proposed systematic
composite representations to identify targets for mass exchange
network. Wang and Smith [11] proposed a systematic graphical
method for freshwater targeting. These methods are applicable
for units, which can be modeled as mass transfer units (e.g.,
washing, scrubbing, etc.) with water being used as a mass-
separating agent and cannot be applied for processes like cooling
tower, boiler, etc., as these units cannot be modeled as mass
transfer operations [19]. Sorin and Bedard [26] and Polley and
Polley [27] proposed a set of rules for solving water allocation
problems. Hallale [20] developed a new graphical approach,
water surplus diagram, for freshwater targeting. A rigorous
graphical technique has been developed recently to target fresh-
water requirement involving separate source and sink composite
curves [21,22]. Bandyopadhyay et al. [25] introduced a source
composite curve-based approach for simultaneously targeting
distributed effluent treatment system and minimum freshwater
requirement.

Application of source composite curve for water manage-
ment is illustrated through an example. Process data for water
management example is given in Table 2 [27]. For this exam-
ple, actual water flow rate in t/h has been considered as flows
and contaminant concentration in ppm is considered as quality.
Conservation of mass for water and contaminant satisfies Eqs.
(1) and (2). Freshwater is the resource (g5 =0) and wastewater
is the waste for this problem. The objective is to reduce wastew-
ater generation. Numerical values calculated by applying the
proposed algorithm are shown in Table 3.

For this problem A=-20t/h (last entry in the third col-
umn). It suggests that there is an overall water loss of 20 t/h.
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Process data for water management example

Quality (contaminant
concentration in ppm)

Flow (water flow rate
in t/h)

Sources
S1
S2
S3
S4

50
100
150
250

Resource (freshwater) 0

Demands
D1
D2
D3
D4

20
50
100
200

50
100
70
60

50
100
80
70

‘Waste (wastewater) - _

300 Source composite curve

250

200

150
Wastewater line with

100 minimum flowrate

50

Quality (concentration in ppm)

0 2 4 6 8 10 12
Quality load (contaminant mass load in kg/h)

Fig. 3. Source composite curve and wastewater line for water management
example.

Last entry of the fifth column suggests that 10 kg/h of contam-
inant load is thrown to the wastewater (AQTt =10kg/h). The
source composite curve and wastewater line for the water man-
agement example are shown in Fig. 3. The maximum slope of
the wastewater line corresponds to the minimum wastewater
flow rate, since they have an inverse relationship (Eq. (16)). The
minimum wastewater flow rate target is 50 t/h and the corre-
sponding pinch concentration is 150 ppm. Since there is a water
loss of 20 t/h, the minimum freshwater target comes out to be
70 t/h. This matches with the result reported by Polley and Polley
[27]. Polley and Polley [27] obtained the answer applying a set

DI D2 D3 D4 Wastewater
50 [20] 100 [50] 80 [100] 70 [200] 50 [200]
A A A [y A 3 r'y
30 35 5
Freshwater
il 20 30
S1
50 [50]
35 65
S2
100 [100]
10 35 25
S3
70 [150]
35 25
S4
60 [250]
(a)
Dl D2 D3 D4 Wastewater
50[20] | 100 [50] | 80 [100] | 70 [200] | 50 [200]
Freshwater 30 35 5
70 [0]
S1 20 30
50 [50]
S2 35 65
100 [100]
S3 10 35 25
70 [150]
S4 35 25
(b) 60 [250]

Fig. 4. (a) One possible network satisfying minimum wastewater generation for
the water management example and (b) corresponding water allocation table
(level shows flow rate in t/h).

of rules proposed by them. However, the methodology proposed
by Polley and Polley [27] is applicable for problems with only
a few sources and demands.

Possible networks satisfying minimum wastewater target for
water management example may be obtained using nearest
neighbor algorithm [22]. One such network and associated water
allocation table are shown in Fig. 4. It may be noted that the pro-
posed network is different from the one published by Polley and
Polley [27].

5. Hydrogen management

Hydrogen is an important utility in petroleum refineries.
Hydrogen is required in many operations for hydrogenation
of aromatics and olefins, reduction of sulfur content in fuels,
upgrading larger hydrocarbons, etc. To illustrate the waste reduc-

Table 3
Generation of source composite curve and targeting wastewater for water management example
Quality Net flows Cumulative flows Quality load Cumulative quality load Waste flows
Contaminant Net flow rate Cumulative Mass load (kg/h) Cumulative mass Wastewater flow
concentration (ppm) (t/h) flow rate (t/h) load (kg/h) rate (t/h)
250 60 60 0 0 40
200 —70 -10 3 3 35
150 70 60 —-0.5 2.5 50
100 20 80 3 5.5 45

50 —50 30 4 9.5 10

20 —50 —20 0.9 10.4 —20

0 0 —-20 —-0.4 10 -
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. Recycle
N 310 MMscfd
[91%]
| Consumer Purge
90 weers | 400 wviscia| (Reactor 1) 40 MMscfd
[92.8%] [91%]
Plant Recyele
’ ) ¥
200 MMscfd 490 MMschd
[85%]
110 mMsctd Consumer Purge
600 MMscfd (Reactor 2) 10 MMsefd
[87.57%] [85%]

Fig. 5. Existing process flow diagram showing hydrogen consumers for hydro-
gen management example.

tion methodology developed in the previous section, an exam-
ple of hydrogen management problem is considered [28-30].
The existing system comprises of two hydrogen consumers or
demands (Reactor 1 and Reactor 2) as shown in Fig. 5. Each
consumer has a makeup, recycle and purge. Makeup hydrogen
is produced from a hydrogen plant or it may be imported. The
purge streams are often sent to the fuel system where they are
fired for their heating value or flared. The hydrogen demands
(consumers) consist of the makeup and recycle, whereas the
hydrogen sources comprise the purge and recycle taken together.

For this example, volumetric hydrogen flow rate in million
standard cubic feet per day (MMscfd) has been considered as
flows. Considering ideal gas, volumetric flow balance satisfies
Eq. (1).InFig. 5, purity of hydrogen (y) is reported in percentage.
In this problem impurity concentration is definedasg=1 — yand
is considered as quality. Volume conservation for hydrogen may
be written as

Fiyi1 + Fays = F3y3 a7

Subtracting Eq. (17) from Eq. (1), Eq. (2) may be obtained. It
implies that the above defined quality is conserved as defined
in Eq. (2). Hydrogen from the hydrogen plant is the resource
(grs =0.01) and fuel is the waste for this problem. The objective
is to reduce fuel production. Table 4 shows the data extracted
from the existing hydrogen flowsheet (Fig. 5).

The source composite curve and fuel line for the hydrogen
management example are shown in Fig. 6. The minimum fuel
flow rate target comes out to be 32.86 MMscfd and the corre-
sponding pinch quality is 0.15 (corresponding to 85% purity).
There is a net loss of 150 MMscfd of flow as it can be read from
the last entry of third column in Table 5. Thus, the minimum
hydrogen requirement target comes out to be 182.86 MMscfd,

Table 4
Process data for hydrogen management example

Purity (%) Quality Flow (MMscfd)

Sources

S1 91 0.09 350

S2 85 0.15 500

Resource (makeup 99 0.01 -

hydrogen)
Demands

D1 92.8 0.072 400

D2 87.5667 0.124333 600

Waste (fuel) - - -

Source composite curve

Pinch point

Fuel line with
minimum flow

Quality (impurity)

(=]

0 2 4 6 8 10 12 14 16
Quality load (MMscfd)

Fig. 6. Source composite curve and fuel line for hydrogen management example.

which agrees with the result obtained by Alves [28] and Hallale
and Liu [29] using the surplus diagram. It may be noted that the
methodology based on surplus diagram is graphical and itera-
tive in nature. One possible hydrogen allocation network and
corresponding process plow diagram are shown in Fig. 7. It may
be noted that the waste can be reduced by 34.3% and the fresh
hydrogen requirement can be reduced by 8.6%.

6. Material reuse network

Other than concentration or purity, other properties such as
pH, density, viscosity, reflectivity, solubility, etc., are also impor-
tant for synthesizing process flow diagram of a chemical process
industry. El-Halwagi and co-workers have developed visualiza-
tion tools to synthesize and analyze material reuse networks
[31-35]. Proposed algorithm can be also applied to such mate-
rial reuse problems. To illustrate the applicability of the proposed
waste reduction technique, an example of metal degreasing pro-
cess is considered. Process flow diagram of a metal degreasing

Table 5

Generation of source composite curve and targeting minimum waste for hydrogen management example

Quality Net flows (MMscfd) Cumulative flows (MMscfd) Quality load (MMscfd) Cumulative quality load (MMscfd) Waste flows (MMscfd)
0.15 500 500 0 0 32.86

0.124333  —600 —100 12.8335 12.8 —72.01

0.09 350 250 —3.4333 9.4 —60

0.072 —400 —150 4.5 13.9 —150

0.01 0 —150 -93 4.6 -
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D1 D2 Fuel
400 [92.8] | 600 [87.57] | 32.86 [85]
Makeup hydrogen 90 92.86
182.86 [99]
S1 310 40
350 [91]
S2 467.14 32.80
(a) 500 [85]
Recycle
310 MMscfd
[91%]
| Consumer
90 vivtsera 400 wyiscra| (Reactor 1) 40 MMscd
[92.8%] [91%]
o [99%]' -Fucl
o Recycle
182.86 MMscfd < 467.14
MMscfd
[85%)]
92,86 MMscfid ] [ Consumer Purge
600 wiviscra| (Reactor 2) 32.86 WMscit
(b) [87.57%)] [85%]

Fig. 7. (a) Hydrogen allocation network and (b) corresponding process flow
diagram for hydrogen management example with minimum fuel generation.

process is shown in Fig. 8 [34]. A fresh organic solvent is used
in the degreaser of a reactive thermal degreasing process to
remove grease from metal. Solvent is regenerated and reused in
the degreaser. Fresh solvent is also used in an absorber column
to arrest light gases from the offgas produced in the regeneration
section before sending it to the flare. Condensates produced in
two condensers are sent to a waste disposal unit (Fig. 8).

For this example, mass flow rate in kg/s has been considered
as flows. Flow balance satisfies Eq. (1) due to conservation of
mass. Primary property of the solvent that is considered for reuse
and recycle, is the Reid vapor pressure (RVP), an important
property in characterizing volatility of the solvent [34]. It may
be interesting to note that RVP, as a property, is not conserved.
However, it follows the following blending rule [34].

Fi(RVP)* + BRVP)}* = F3(RVP)}# (18)

To flare
Fresh

Solvent

Absorber

Absorber bottoms
{to boiler fuel)

To flare

Condensate |
(to waste disposal)
4 kgls

Organic
additives
Condensate 11

(to waste disposal)

3 kg/
Offgas 2488

Thermal processing and
Solvent regeneration
[

Finishing

Degreaser
[ r

Regenerated solvent Degreased
5kels metal

Fig. 8. Process flow diagram of a metal degreasing example.

Table 6
Process data for metal degreasing process

RVP (atm)  Quality (atm'**)  Flow (kg/s)

Sources

Condensate I 6 13.199 4

Condensate 1T 2.5 3.741 3

Resource (fresh solvent) 2 2.713 -
Demands

Degreaser 3 4.865 5

Absorber 4 7.362 2

Waste - - -

In this problem, quality is defined as ¢=RVP'** and Eq.
(18) implies that the quality obeys the summability criteria
as defined in Eq. (2). Fresh organic solvent is the resource
(grs=2.713 atm!**) and total condensate discharged to the waste
disposal unit is the waste. The objective is to reduce waste pro-
duction. Table 6 shows the data for this metal degreasing process.

The source composite curve and waste line for this example
are shown in Fig. 9. The minimum waste generation is calculated
(Table 7) to be 2.38 kg/s and the corresponding pinch quality is
13.199 atm!** (corresponding to a RVP of 6 atm). There is no
solvent loss in this problem (A =0). Therefore, the minimum
fresh solvent requirement target is also 2.38 kg/s, which agrees
with the result obtained graphically by Kazantzi and El-Halwagi
[34] using the source and sink composite curves, proposed inde-
pendently by El-Halwagi et al. [21] and Prakash and Shenoy
[22]. One material reuse network and corresponding process
plow diagram are shown in Fig. 10. It may be noted that the waste
generation and the fresh solvent requirement both are reduced
by 52.4%.

7. Process modification

By modifying certain process parameters overall waste gen-
eration can be reduced significantly. Two primary ways process
may be modified to reduce waste generation are by changing
quality and/or flow of internal demands and sources. These
options are discussed in details.

-
N

Source composite curve
10

Minimum
waste line

Quality (RVP"*in atm’*})

P T T TR S T TN T TN SN NN T TN SN TN T T S M S
L I I B S R B —

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Quality load (atm "** kg/s)

Fig.9. Source composite curve and fuel line for hydrogen management example.
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Table 7
Generation of source composite curve and targeting minimum waste for metal degreasing process
Quality (atm!4%) Net flows (kg/s) Cumulative flows (kg/s) Quality load (atm!# kg/s) Cumulative quality load (atm!-4 kg/s) Waste flows (kg/s)
13.199 4 4 0 0 2.381
7.362 -2 2 23.348 23.348 0.349
4.865 -5 -3 4.994 28.342 —1.567
3.741 3 0 —3.372 24.97 0
2.713 0 0 0 24.97 -

7.1. Quality modification

Numerical value of quality of an internal demand may be
increased from ¢, to g, and because of greater acceptance of

k n—1
N EDI (M) _F 4P,
=1 I=k11 N9k —4n
& — q—q q
W, = F + Fl(")—F’—i—F/(a
k 2 2 Gk — Gn ax

=1 I=k+1

n—1

k
ZFH- ZFZ

=1 I=k+1

ql — 4n
4k — qn

db — 4qn
dk — 4n

(=) (

quality load, waste generation may reduce. Similarly, numer-
ical value of quality of an internal source may be decreased
to enhance its usability in the process. Algebraically both
these options are equivalent. Mathematically, this may be for-
mulated as reduction of flow (F') at higher quality (g5) and
introduction of the same flow at lower quality (g,). Due to

Degreaser | Absorber | Waste
5[3] 2[4] 2.38[6]
Fresh solvent 2.38
2.38[2]
Condensate | 0.85 0.77 238
416]
Condensate 11 1.77 1.23
(a) 3[25]
238 kg/s .
» To waste disposal
To flare
Fresh 0.77 ke/s
Solvent | 1.23 kg/s
238 kefs —
Absorber Absorber bottoms
(1o boiler fuel)
T'o flare
0.85 ke/s Organic
- < additives
Condensate Condensate
4 kg/s T3 5
: Offgas Ml 3 kels
Thermal processing and —
Solvent regeneration | Degreaser » Fiing
I L) [y
Regenerated solvent .I)cgrcuscd
1.77 kg/s ~ metal

(b)

Fig. 10. (a) Material reuse network and (b) modified process flow diagram of a
metal degreasing example for minimum waste generation.

—qn

change in quality, waste generation flow is expected to change
according to Eq. (16). Modified waste generation flow (for
each row in sixth column of Table 1) can be expressed as
follows.

qb > 4a = gk

b = Gk > qa (19)

).
)

Since the minimum waste production is controlled by the
pinch point, physical significance of Eq. (19) may be appreci-
ated against the pinch point. Quality modification above pinch
(g» > ga > qr) is not going to reduce the waste generation (19).
Quality modification below pinch (gx > gp > q,) reduces waste
generation. Reduction in waste generation is proportional to the
difference in the quality load flow, F'(gp — ¢4). On the other
hand, quality modification across the pinch has the potential for
maximum reduction in waste production, as it is proportional to
F'(qx — q4). It may be interesting to note that the waste reduction
for quality modification across the pinch is independent of the
higher quality (gp). It may be noted that by changing quality of
aninternal demand or an internal source, overall flow gain/loss in
the system (A) does not change. Therefore, reduction in waste
generation also reduces requirement of the resource by same
amount.

For illustration, let us consider the example of water man-
agement. Let the quality (i.e., contaminant concentration) of
demand D4 be increased from 200 to 210 ppm. Since the pinch
quality for this problem is 150 ppm, modification of the D4
quality is actually an above pinch modification. According to
Eq. (19), above pinch quality modification does not lead to a
reduction in waste generation. The same may be confirmed by
applying the minimum waste targeting algorithm. The source
composite curve and wastewater line for the modified example
are shown in Fig. 11a. The wastewater line for the modified
example is parallel to that of the original example. It may be
noted that though the wastewater flow rate remains 50 t/h, the
outlet concentration of the wastewater reduces from 200 to
186 ppm.

To illustrate below pinch quality modification, let the concen-
tration of demand D2 be increased from 50 to 60 ppm. Since the
pinch quality for this problem is 150 ppm, modification of the
D2 quality is actually a below pinch modification. According to

— qn

4a — qn

)s dk = 4b > qa
qk — qn
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Fig. 11. Source composite curve and wastewater line for the modified water management example: (a) above pinch quality modification, (b) below pinch quality
modification, (c) above pinch flow modification and (d) below pinch flow modification.

Eq. (19), below pinch quality modification lead to a reduction
of 6.67 t/h in waste generation as well a reduction of resource
requirement. The same may be confirmed by applying the mini-
mum waste targeting algorithm. The source composite curve and
wastewater line for the modified example are shown in Fig. 11b.
Slope of the minimum wastewater line for the modified example
is more than that of the original example. It may be noted that
the outlet concentration of the wastewater increases from 200 to
207.7 ppm.

7.2. Flow modification

Similar to the quality modification, demand flow may be
increased or source flow may be decreased to reduce waste
generation. Mathematically, this may be formulated as reduc-
tion of flow (F”) at some quality (g.). Eq. (16) may be
modified to calculate waste generation flow for flow modifi-
cation.

1
ZFI+ ”Z z<ql qn)—F”,

Eq. (20) suggests that flow modification at or above the pinch has
maximum possible effect in reducing waste generation. How-
ever, flow modification below the pinch also reduces waste
generation but not to the extent as the other case. It may be
noted that by reducing flow of an internal demand or an inter-
nal source, overall flow gain/loss in the system (A) also reduces
by the same amount. Therefore, for above pinch flow modifi-
cation, waste generation is reduced while resource requirement
remains same. On the other hand, for below pinch flow modi-
fication, waste generation is reduced slightly and the resource
requirement increases.

For illustration, let us again consider the example of water
management. Let the flow of demand D4 be increased from 70
to 75 t/h. According to Eq. (20), above pinch flow modification
leads to a reduction of 5 t/h of waste generation and the resource
requirement remains 70 t/h. The source composite curve and
wastewater line for the modified example are shown in Fig. 11c.
The wastewater line for the modified example is parallel to that

4dc = qk

(20)

qk — 4qn
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Fig. 12. Simplified block diagram of a tire-to-fuel plant.

of the original example. On the other hand, flow of source S2
may be reduced from 100 to 90 t/h to study the effect of below
pinch flow modification. According to Eq. (20), below pinch
flow modification leads to a reduction of 6.7 t/h of waste gen-
eration and the resource requirement increases to 73.3 t/h. The
source composite curve and wastewater line for the modified
example are shown in Fig. 11d.

Appropriate process modifications (quality modification or
flow modification or both) may reduce the waste generation sig-
nificantly. Preceding discussions may help a process designer
to address scope of sequence of process modifications qualita-
tively. To determine the exact quantitative waste reduction, the
minimum waste targeting algorithm should be repeated. Since
pinch point may be changed, Eq. (19) or (20) may not give exact
solution if they are applied only at the pinch point. The concept
of process modifications are discussed with an example.

8. Tire-to-fuel plant

To demonstrate the scope of process modifications for waste
reduction, an example of tire-to-fuel plant is considered [36].
A simplified block diagram of the process is shown in Fig. 12.
Discarded tires are shredded using high pressure water jets and
shredded tires are fed to a high temperature pyrolysis reactor to
breakdown hydrocarbon of the tires into oils and gaseous fuels.
Pyrolysis reactor offgas is cooled in a condenser and wastewater
is decanted form the decanter. Organic layer from the decanter is
mixed with the liquid product of the reactor. Oils are further sep-
arated and processed to produce transportation fuels. A gaseous
waste leaves the finishing unit and is flared. A seal pot with some
freshwater stream is provided to prevent back propagation of fire
from flare. In this example, there are two internal water demands,
namely, makeup water for water jets and water required in the
seal pot. There are three internal wastewater sources: wastewa-
ter form the seal pot, wastewater from the decanter and the wet
cake produced in the filtration system. Phenol is the primary
contaminant for this example. Wastewater associated with the
wet cake, is treated in the waste disposal unit and it is not allowed

to recycle back in the process. Other two wastewater streams are
sent for off-site treatment. Objective is to reduce the wastewater
production.

Makeup water for water jets and water for seal pot can accept
a phenol concentration up to 50 and 200 ppm, respectively. The
process data for this example is given in Table 8. Applying the
proposed algorithm, minimum wastewater generation is targeted
to be 0.245kg/s and the corresponding pinch concentration of
500 ppm. The source composite curve and waste line for this
example are shown in Fig. 13. Production of wastewater can be
further reduced by making appropriate process modifications.

8.1. Below pinch quality modification

Flare gas form the finishing unit may be utilized as a mass
separating agent to strip off phenol from the water provided to the
seal pot. The seal pot may be modified to a stripping column to
purify wastewater, while wastewater stream continues to act as a
buffer to prevent back propagation of fire. Due to available flow
rate of the flare gas and required driving force for adequate mass
transfer operation, the inlet concentration of the inlet water to
the seal pot can be increased up to 500 ppm. However, the outlet
concentration of the wastewater from the seal pot remains at
200 ppm. According to Eq. (19), this should results in reducing
the wastewater flows by 0.09kg/s (=0.15 x (500 — 200)/500).

Table 8
Process data for tire-to-fuel example

Quality (phenol Flow (water flow rate
concentration in ppm) in kg/s)
Sources
Decanter 500 0.27
Seal pot in 200 0.15
Resource (freshwater) 0 -
Demands
Water jet 50 0.25
Seal pot out 200 0.15

Waste (wastewater) - _
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Fig. 13. Source composite curve and fuel line for the example of tire-to-fuel
plant.

However, wastewater flow rate reduces only to 0.208 kg/s as the
pinch point jumps to 200 ppm. A reduction of 0.037 kg/s can
only be achieved due to relocation of pinch point. Increasing the
concentration up to 325 ppm is sufficient to achieve the required
wastewater reduction.

8.2. Flow modification

Forty percent of the makeup water flows with the wet cake
obtained from the filtration unit. Remaining 60% of the water
is decanted in the decanter. Reactor produces some water dur-
ing pyrolysis process and the same water is also decanted in
the decanter. According to Eq. (20), wastewater with maximal
concentration should be reduced first. Therefore, the decanted
water flow rate can be reduced by reducing makeup water flow
rate (Fmakeup) and water generation during pyrolysis process.
The flow rate of the makeup water depends on the outlet pres-
sure (Pcomp) of the compressor by the following expression:

Fanakeup = 0.47 xp(—0.009 Peomp) 1)

where Fiakeup 18 in kg/s and Peomp is in atm. In order to achieve
proper shredding compressor outlet pressure must be within
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the range 70-95 atm. At present the compressor outlet pres-
sure is 70 atm and the makeup water requirement is 0.25 kg/s.
Increasing the compressor outlet pressure to 95 atm, reduces
the makeup water requirement to 0.20kg/s. This results in a
reduced flow rate of wet cake to 0.08 kg/s and reduced decanted
water flow rate to 0.24 kg/s. Modification of the compressor out-
let pressure reduces the demand by 0.05 kg/s and also reduces
the decanted wastewater by 0.03kg/s. Therefore, using Eq.
(20), reduction in wastewater flow rate can be estimated to be
0.018 (=0.03 — (0.05 x 50)/200) kg/s. Since there is not pinch
jump, the total wastewater also reduces by the same amount, to
0.19 kg/s.

8.3. Above pinch flow modification

Decanted water can be further reduced by changing reactor
temperature. The amount of water generated (Fgen) during the
pyrolysis process is related to the pyrolysis temperature (7pyro)
by the following relationship:

Foen = 0.152 + (5.37 — 7.84 x 107> Tyyro)

exp(27.4 — 0.04Tpyro) (22)
where Fey is in kg/s and Tpyyo is in K. in order to maintain the
acceptable product quality, the pyrolysis temperature has to be
in between 690 and 740 K. At present the pyrolysis tempera-
ture is 690 K and the reactor generates 0.12kg/s of water. The
same water is decanted in the decanter. Eq. (22) suggests that
the minimum water of 0.08 kg/s is generated in the pyrolysis
reactor when the reactor temperature is 710 K. A reduction of
0.04 kg/s in water generation in the pyrolysis reactor reduces the
wastewater generation to 0.15 kg/s.

Water requirement in the seal pot may be increased fur-
ther. However, this affects the wastewater flow rate by the same
amount. Therefore, this modification is equivalent to changing
quality. As the pinch point is at 200 ppm, increase in water flow
rate through seal pot is equivalent to quality modification above
pinch. Eq. (19) suggests that such modifications have no effect

Tires
Reactor %Gaseous fuel
offgases
Wastewater
Water Jet »  Pyrolysis r 2.20 kg!s_l—> 0.15 kg/s
™| Shredding Tpero = T10 K Decantor I_'
m 0.10 kg/s
X Wet cake ¥ §
Filtration > 0.08 kg/s To flare
Light
Water-jet makeup oil A Seal pot
_ 0.20 kg/s 0.15 kg/s 7
b Flare gas
v v
Compression »  Separation » Finishing
Peomp = 95 atm
Fresh water 2 =
0.15 ke/s ! 0.05 kg/s Liquid fuels €———

Fig. 14. Modified block diagram of a tire-to-fuel plant with minimum wastewater production.
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in reducing wastewater flow rate. The final flow sheet of the
process is shown in Fig. 14 to produce minimum wastewater
of 0.15kg/s. It may be noted that the waste production may
be further reduced by incorporating wastewater treatment and
recycling. However, this is beyond the scope of this paper.

9. Conclusions

Waste reduction and waste minimization have broader mean-
ing than source reduction [37]. Waste reduction generally incor-
porates both source reduction and on-site recycling. These are
the first two steps of the waste management hierarchy. The pro-
posed method reduces waste generation by incorporating appro-
priate on-site recycling and simultaneously reduces resource
requirement.

A unified targeting methodology has been presented for tar-
geting waste generation in process industries. The proposed
algorithm solves a particular type of linear programming prob-
lem through algebraic procedures. The proposed minimum
waste targeting algorithm has been applied to different waste
reduction problems such as waster management, hydrogen man-
agement and material reuse networks.

A methodology has also been presented to reduce waste
generation through process modifications. Different possible
modifications and their effect on waste generation and resource
requirement have been identified. The methodology has been
demonstrated through an example.
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