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bstract

Waste reduction through source reduction and on-site recycling is an important aspect of pollution prevention. Techniques of process integration
ay be used for pollution prevention. In this paper an algorithmic procedure is presented to reduce waste generation through maximizing on-site

euse/recycling. The proposed methodology is based on the pinch principles and establishes a minimum waste generation target prior to the detailed

etwork design. A new graphical representation called source composite curve, is utilized to understand the targeting philosophy. Minimum waste
argeting algorithm is applied to address different problems such as water management, hydrogen management, as well as material reuse and
ecycling. Appropriate changes in a process or process modification can further reduce the waste generation. In this paper a methodology is
resented to reduce waste generation through process modifications and it is demonstrated through an example.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Pollution prevention consists of reduction of sources of pol-
ution and recycling. Source reduction implies any activity that
educes or eliminates the generation of waste at the source, usu-
lly within a process. Waste generation that cannot be prevented
hould be recycled in an environmentally safe manner. Waste
hat cannot be feasibly recycled should be treated in accordance
ith environmental standards and regulations and disposed off

afely. Source reduction or reduction of waste generation is the
rst step in a hierarchy of options for reducing pollution. Process

ntegration techniques may be used for pollution prevention by
educing generation of waste.

Techniques of process integration are primarily used for pro-
ess design (both grassroots and retrofits) with special emphasis
n efficient utilization of resources and reducing environmental
ollution. Process integration is a system oriented and integrated
pproach to industrial process design with an objective of sus-
ainable development. Pinch analysis has established itself as a
tructural tool for analyzing and developing efficient processes

hrough process integration. In this paper a new pinch analy-
is tool, called source composite curve, has been introduced to
educe waste through an integrated design approach.
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Pinch analysis, which began as a thermodynamic-based
pproach to energy conservation [1], has evolved over the years
o become a powerful tool for process integration and resource
ptimization [2–4]. Pinch analysis has been fruitfully used in
nalyzing heat exchanger networks [3], utility systems [5,6],
ass exchanger networks [7–10], water networks [11], distilla-

ion column [12–16], production planning [17,18], etc. Pinch
nalysis recognizes the importance of setting targets before
esign. This allows different process design objectives to be
creened prior to the detailed design of the process. Pinch anal-
sis provides graphical representation tools and full control to
he process designer over decision making processes.

For every application of pinch analysis different graphical
epresentation tools have been proposed. For example, com-
osite curves and grand composite curve have been proposed
or targeting heat exchanger networks [3]; optimal load dis-
ribution diagram has been proposed for utility system [6];
oncentration–contaminant load diagram [11], concentration–
ow rate diagram [19], water surplus diagram [20] and source
nd sink composite curves [21,22] have been proposed for fresh-
ater targeting; invariant rectifying and stripping curves have
een proposed for distillation column [12]; mass exchange grand
omposite curve has been proposed for mass exchanger net-

orks [23,24], etc. Associated with different representations,
ifferent algorithmic procedures, graphical and/or algebraic,
ave also been proposed. Primary objective of this paper is
o propose a single graphical representation and a uniform

mailto:santanu@me.iitb.ac.in
dx.doi.org/10.1016/j.cej.2006.08.007
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Nomenclature

f flow
F total flow
N cardinality of a set
q quality
Q quality load
R total resource requirement
RVP Reid vapor pressure
W total waste generation
y purity of hydrogen
Δ overall flow loss/gain in the system

Subscript
comp compressor
d demand
gen generated
makeup make up
pyro pyrolysis
rs resource
s source
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lgebraic procedure to address problems such as water man-
gement, hydrogen management, material reuse and recycling,
tc.

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

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

. Problem statement and mathematical formulation

The general problem of waste reduction using source com-
osite curve may be mathematically stated as follows. In a
rocess, a set of Ns internal sources (streams) is given. Each
ource produces a flow Fsi with a given quality qsi. A set of Nd
nternal demands (units) is also given. Each demand accepts a
ow Fdj with a quality that has to be less than a predetermined

aximum limit qdj. There is an external source, called resource,
ith a quality qrs and there is an external demand, called waste,
ithout any maximum quality limit. There is no flow limitation

ssociated with the resource and the waste. Flows are denoted

R

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

y a positive real number. Quality is defined as a positive real
umber such that higher numerical value indicates its inferi-
rity. In other words, a source with higher numerical value of
uality is inferior to another source with lower numerical value.
ypically, resource has the best quality with lowest numerical
alue. The objective of this work is to develop an algorithmic
echnique with graphical representation that will identify an opti-

um strategy for integrating sources and demands to minimize
aste production. A network representing the above problem is

hown in Fig. 1.
Conservation equations for flows and qualities are defined

efore developing appropriate mathematical formulation for the
bove problem. Whenever two streams with flows F1 and F2
nd qualities q1 and q2, respectively, are mixed, it produces a
ixed stream with flow, F3 and quality, q3. Flows and qualities

re said to obey the following relationships.

1 + F2 = F3 (1)

1q1 + F2q2 = F3q3 (2)

he product of quality with flow is defined as quality load (Q).
bove equations represent conservation of flow and quality load.
Let fij denotes the flow transferred from source i to demand

. Due to flow conservation (1), flow balance for every internal
ource and for every internal demand may be written as follows.

Nd

j=1

fij + fiw = Fsi, for every internal source i (3)

rsj +
Ns∑
i=1

fij = Fdj, for every internal demand j (4)

Total waste generation from the process can be expressed as

=
Ns∑
i=1

fiw (5)

imilarly, the total resource requirement may be calculated to
e

=
Nd∑
j=1

frsj (6)
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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

First row q1 F1 F1 Q1 = 0 Q1 = 0 W1 = �QT

q1 − qrs

Second row q2 F2 F1 + F2 Q2 = F1 (q1 − q2) Q1 + Q2 = F1 (q1 − q2) W2 = �QT − Q2

q2 − qrs
. . . . . . . . . . . . . . . . . . . . .

kth row qk Fk

k∑
l=1

Fl Qk = (qk−1 − qk)

(
k−1∑
l=1

Fl

)
k∑

l=1

Ql =
k−1∑
l=1

Fl(ql − qk) Wk =
�QT−

k∑
l=1

Ql

qk−qrs

. . . . . . . . . . . . . . . . . . . . .
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th (last) row qn Fn

n∑
l=1

Fl = Δ Qn = (q

aking summation over all internal sources and demands on Eqs.
3) and (4), the overall flow balance across the process can be
stablished.
Nd

j=1

frsj +
Ns∑
i=1

Fsi =
Nd∑
j=1

Fdj +
Ns∑
i=1

fiw (7)

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

=
Nd∑
j=1

frsj = W − Δ (8)

here Δ =∑Ns
i=1Fsi −∑Nd

j=1Fdj , a constant for a given pro-
ess. Δ signifies overall flow loss/gain in the system. Positive Δ

ignifies that there is flow gain in the system and a negative Δ

mplies overall flow loss.
By definition, every demand accepts a flow Fdj with a quality

hat has to be less than a predetermined maximum limit qdj. Uti-
izing quality load conservation Eq. (2), the quality requirement
or any internal demand may be mathematically expressed as

rsjqrs +
Ns∑
i=1

fijqsi ≤ Fdjqdj, for every internal demand j (9)

The objective is to minimize W subject to the constraints
iven by Eqs. (3), (4) and (9). As all constraints and the objective
unction are linear, this is a linear programming problem. There
re (Ns + Nd + NsNd) flow variables with (Ns + Nd) equality con-
traints and Nd inequality constraints. Therefore, the degree of
reedom for the linear programming problem is (NsNd).

It may be noted that waste generation (W) and resource
equirement (R) and not independent. Eq. (8) implies that R and

are related by a constant, Δ. Therefore, minimization of W
mplies minimization of R as well. In other words, minimization
f waste generation is equivalent to the minimization of resource
equirement.
The above linear programming problem is solved through an
lgorithmic procedure. The proposed algorithmic procedure is
ssociated with a graphical representation, called source com-
osite curve.
qn)

n−1∑
l=1

Fl

n∑
l=1

Ql =
n−1∑
l=1

Fl(ql − qn) = �QT –

. Minimum waste targeting algorithm

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

tep 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
qk such that

q1 > q2 > · · · > qk > · · · > qn (10)

tep 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 Fk (Table 1). It may be noted
that the flows concerned are the point flows at each qual-
ity.

tep 3: Cumulative flows are tabulated in third column. Sum-
mation of net flows for all previous rows (

∑k
l=1Fl)

denotes the cumulative flows for kth row. Last entry
in this column gives Δ, as defined in Eq. (8).

tep 4: Fourth column represents the quality load (Qk) 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 (Qk) for each quality
interval can be calculated using the following formula.⎧

Qk =

⎪⎪⎨
⎪⎪⎩

0, for k = 1

(qk−1 − qk)

(
k−1∑
l=1

Fl

)
, for k > 1

(11)
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ig. 2. Representation of source composite curve and targeting minimum waste
ow.

tep 5: Cumulative quality loads are calculated by summing
quality loads for all previous rows (

∑
l≤kQl) and tabu-

lated in fifth column. Using Eq. (11), cumulative quality
load for kth row may be expressed as

k∑
l=1

Ql =

⎧⎪⎪⎨
⎪⎪⎩

0, for k = 1
k−1∑
l=1

Fl(ql − qk), for k > 1
(12)

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 (�QT) thrown to the
waste.

�QT =
n∑

l=1

Ql =
n−1∑
l=1

Fl(ql − qn) (13)

tep 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 qk > qrs.

Wk = �QT −∑k
l=1Ql

qk − qrs
, for qk > qrs (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
qn = qrs). Then, Eq. (14) can be further simplified using Eqs.
12) and (13).

k=�QT −∑k
l=1Ql

qk − qn

=
k∑

Fl+
n−1∑

Fl

(
ql − qn

qk − qn

)
(15)
l=1 l=k+1

Any line with a negative slope on this quality (q) versus
uality load (�Q) diagram, passing through the point (�QT,
rs), represents a waste line. Equation for the waste line may be

a
p

u

ring Journal 125 (2006) 99–110

xpressed as

Q = �QT − W(q − qrs) (16)

ote that the waste line has a negative slope (Eq. (16)) and the
lope is inversely proportional to the waste flow. Eq. (14) can be
erived from Eq. (16) if the waste line passes through (�QT, qrs)
nd (

∑
l≤kQl, qk) on the quality (q) versus quality load (�Q)

iagram.
To minimize the waste generation, the waste line should be

otated upwards with (�QT, qrs) as the pivot point (Fig. 2). It
hould be noted that at any quality, the waste line cannot pickup
ore quality load than what is available (as given by the source

omposite curve or the cumulative quality load available at any
iven quality). Therefore, the minimum waste can be targeted
y rotating the waste line with (�QT, qrs) as the pivot point
uch that it just touches the source composite curve (Fig. 2).
aximum entry in the sixth column represents the minimum
aste flow such that it just touches the source composite curve.
uality that corresponds to the minimum waste flow is called

he pinch quality and the point at with the waste line touches the
ource composite curve is known as the pinch point.

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

. Water management

El-Halwagi and Manousiouthakis [7] proposed systematic
omposite representations to identify targets for mass exchange
etwork. Wang and Smith [11] proposed a systematic graphical
ethod for freshwater targeting. These methods are applicable

or units, which can be modeled as mass transfer units (e.g.,
ashing, scrubbing, etc.) with water being used as a mass-

eparating agent and cannot be applied for processes like cooling
ower, boiler, etc., as these units cannot be modeled as mass
ransfer operations [19]. Sorin and Bedard [26] and Polley and
olley [27] proposed a set of rules for solving water allocation
roblems. Hallale [20] developed a new graphical approach,
ater surplus diagram, for freshwater targeting. A rigorous
raphical technique has been developed recently to target fresh-
ater requirement involving separate source and sink composite

urves [21,22]. Bandyopadhyay et al. [25] introduced a source
omposite curve-based approach for simultaneously targeting
istributed effluent treatment system and minimum freshwater
equirement.

Application of source composite curve for water manage-
ent is illustrated through an example. Process data for water
anagement example is given in Table 2 [27]. For this exam-

le, actual water flow rate in t/h has been considered as flows
nd contaminant concentration in ppm is considered as quality.
onservation of mass for water and contaminant satisfies Eqs.

1) and (2). Freshwater is the resource (qrs = 0) and wastewater
s the waste for this problem. The objective is to reduce wastew-

ter generation. Numerical values calculated by applying the
roposed algorithm are shown in Table 3.

For this problem Δ = −20 t/h (last entry in the third col-
mn). It suggests that there is an overall water loss of 20 t/h.
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Table 2
Process data for water management example

Quality (contaminant
concentration in ppm)

Flow (water flow rate
in t/h)

Sources
S1 50 50
S2 100 100
S3 150 70
S4 250 60
Resource (freshwater) 0 –

Demands
D1 20 50
D2 50 100
D3 100 80
D4 200 70
Waste (wastewater) – –
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ig. 3. Source composite curve and wastewater line for water management
xample.

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

H
o
u

able 3
eneration of source composite curve and targeting wastewater for water manageme

uality Net flows Cumulative flows Q
ontaminant
oncentration (ppm)

Net flow rate
(t/h)

Cumulative
flow rate (t/h)

M

50 60 60
00 −70 −10
50 70 60 −
00 20 80
50 −50 30
20 −50 −20

0 0 −20 −
ig. 4. (a) One possible network satisfying minimum wastewater generation for
he water management example and (b) corresponding water allocation table
level shows flow rate in t/h).

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

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

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

nt example

uality load Cumulative quality load Waste flows
ass load (kg/h) Cumulative mass

load (kg/h)
Wastewater flow
rate (t/h)

0 0 40
3 3 35
0.5 2.5 50
3 5.5 45
4 9.5 10
0.9 10.4 −20
0.4 10 –
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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
hydrogen)

99 0.01 –

Demands
D1 92.8 0.072 400
D2 87.5667 0.124333 600
Waste (fuel) – – –
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w
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h

6

p
t
i
t

T
G

Q

0
0
0
0
0

ig. 5. Existing process flow diagram showing hydrogen consumers for hydro-
en management example.

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

For this example, volumetric hydrogen flow rate in million
tandard cubic feet per day (MMscfd) has been considered as
ows. Considering ideal gas, volumetric flow balance satisfies
q. (1). In Fig. 5, purity of hydrogen (y) is reported in percentage.

n this problem impurity concentration is defined as q = 1 − y and
s considered as quality. Volume conservation for hydrogen may
e written as

1y1 + F2y2 = F3y3 (17)

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

The source composite curve and fuel line for the hydrogen
anagement example are shown in Fig. 6. The minimum fuel
ow rate target comes out to be 32.86 MMscfd and the corre-

ponding pinch quality is 0.15 (corresponding to 85% purity).
here is a net loss of 150 MMscfd of flow as it can be read from

he last entry of third column in Table 5. Thus, the minimum
ydrogen requirement target comes out to be 182.86 MMscfd,

[
r
w
c

able 5
eneration of source composite curve and targeting minimum waste for hydrogen m

uality Net flows (MMscfd) Cumulative flows (MMscfd) Quality load

.15 500 500 0

.124333 −600 −100 12.8335

.09 350 250 −3.4333

.072 −400 −150 4.5

.01 0 −150 −9.3
ig. 6. Source composite curve and fuel line for hydrogen management example.

hich agrees with the result obtained by Alves [28] and Hallale
nd Liu [29] using the surplus diagram. It may be noted that the
ethodology based on surplus diagram is graphical and itera-

ive in nature. One possible hydrogen allocation network and
orresponding process plow diagram are shown in Fig. 7. It may
e noted that the waste can be reduced by 34.3% and the fresh
ydrogen requirement can be reduced by 8.6%.

. Material reuse network

Other than concentration or purity, other properties such as
H, density, viscosity, reflectivity, solubility, etc., are also impor-
ant for synthesizing process flow diagram of a chemical process
ndustry. El-Halwagi and co-workers have developed visualiza-
ion tools to synthesize and analyze material reuse networks

31–35]. Proposed algorithm can be also applied to such mate-
ial reuse problems. To illustrate the applicability of the proposed
aste reduction technique, an example of metal degreasing pro-

ess is considered. Process flow diagram of a metal degreasing

anagement example

(MMscfd) Cumulative quality load (MMscfd) Waste flows (MMscfd)

0 32.86
12.8 −72.01
9.4 −60

13.9 −150
4.6 –
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Table 6
Process data for metal degreasing process

RVP (atm) Quality (atm1.44) Flow (kg/s)

Sources
Condensate I 6 13.199 4
Condensate II 2.5 3.741 3
Resource (fresh solvent) 2 2.713 –

Demands
Degreaser 3 4.865 5

I
(
a
(
d
d

a
(
1
s
f
w
[
p
[
p
g
b

7

e

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

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

For this example, mass flow rate in kg/s has been considered
s flows. Flow balance satisfies Eq. (1) due to conservation of
ass. Primary property of the solvent that is considered for reuse

nd recycle, is the Reid vapor pressure (RVP), an important
roperty in characterizing volatility of the solvent [34]. It may
e interesting to note that RVP, as a property, is not conserved.
owever, it follows the following blending rule [34].
1(RVP)1.44
1 + F2(RVP)1.44

2 = F3(RVP)1.44
3 (18)

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

m
q
o

F

Absorber 4 7.362 2
Waste – – –

n this problem, quality is defined as q = RVP1.44 and Eq.
18) implies that the quality obeys the summability criteria
s defined in Eq. (2). Fresh organic solvent is the resource
qrs = 2.713 atm1.44) and total condensate discharged to the waste
isposal unit is the waste. The objective is to reduce waste pro-
uction. Table 6 shows the data for this metal degreasing process.

The source composite curve and waste line for this example
re shown in Fig. 9. The minimum waste generation is calculated
Table 7) to be 2.38 kg/s and the corresponding pinch quality is
3.199 atm1.44 (corresponding to a RVP of 6 atm). There is no
olvent loss in this problem (Δ = 0). Therefore, the minimum
resh solvent requirement target is also 2.38 kg/s, which agrees
ith the result obtained graphically by Kazantzi and El-Halwagi

34] using the source and sink composite curves, proposed inde-
endently by El-Halwagi et al. [21] and Prakash and Shenoy
22]. One material reuse network and corresponding process
low diagram are shown in Fig. 10. It may be noted that the waste
eneration and the fresh solvent requirement both are reduced
y 52.4%.

. Process modification

By modifying certain process parameters overall waste gen-
ration can be reduced significantly. Two primary ways process

ay be modified to reduce waste generation are by changing

uality and/or flow of internal demands and sources. These
ptions are discussed in details.

ig. 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 (atm1.44) Net flows (kg/s) Cumulative flows (kg/s) Quality load (atm1.44 kg/s) Cumulative quality load (atm1.44 kg/s) Waste flows (kg/s)

13.199 4 4 0 0 2.381
7.362 −2 2 23.348 23.348 0.349
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4.865 −5 −3 4.994
3.741 3 0 −3.372
2.713 0 0 0

.1. Quality modification

Numerical value of quality of an internal demand may be
ncreased from qa to qb and because of greater acceptance of

uality load, waste generation may reduce. Similarly, numer-
cal value of quality of an internal source may be decreased

W ′
k =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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k∑
l=1

Fl +
n−1∑

l=k+1

Fl

(
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qk − qn

)
− F ′ + F ′,
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l=1

Fl +
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l=k+1

Fl

(
ql − qn
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)
− F ′ + F ′

(
q

q

k∑
l=1

Fl +
n−1∑

l=k+1

Fl

(
ql − qn

qk − qn

)
− F ′

(
qb − q

qk − q
o enhance its usability in the process. Algebraically both
hese options are equivalent. Mathematically, this may be for-

ulated as reduction of flow (F′) at higher quality (qb) and
ntroduction of the same flow at lower quality (qa). Due to

ig. 10. (a) Material reuse network and (b) modified process flow diagram of a
etal degreasing example for minimum waste generation.
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28.342 −1.567
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hange in quality, waste generation flow is expected to change
ccording to Eq. (16). Modified waste generation flow (for
ach row in sixth column of Table 1) can be expressed as
ollows.

qb > qa ≥ qk

qn

qn

)
, qb ≥ qk > qa

F ′
(

qa − qn

qk − qn

)
, qk > qb > qa

(19)

Since the minimum waste production is controlled by the
inch point, physical significance of Eq. (19) may be appreci-
ted against the pinch point. Quality modification above pinch
qb > qa ≥ qk) is not going to reduce the waste generation (19).
uality modification below pinch (qk > qb ≥ qa) reduces waste
eneration. Reduction in waste generation is proportional to the
ifference in the quality load flow, F′(qb − qa). On the other
and, quality modification across the pinch has the potential for
aximum reduction in waste production, as it is proportional to
′(qk − qa). It may be interesting to note that the waste reduction

or quality modification across the pinch is independent of the
igher quality (qb). It may be noted that by changing quality of
n internal demand or an internal source, overall flow gain/loss in
he system (Δ) does not change. Therefore, reduction in waste
eneration also reduces requirement of the resource by same
mount.

For illustration, let us consider the example of water man-
gement. Let the quality (i.e., contaminant concentration) of
emand D4 be increased from 200 to 210 ppm. Since the pinch
uality for this problem is 150 ppm, modification of the D4
uality is actually an above pinch modification. According to
q. (19), above pinch quality modification does not lead to a

eduction in waste generation. The same may be confirmed by
pplying the minimum waste targeting algorithm. The source
omposite curve and wastewater line for the modified example
re shown in Fig. 11a. The wastewater line for the modified
xample is parallel to that of the original example. It may be
oted that though the wastewater flow rate remains 50 t/h, the
utlet concentration of the wastewater reduces from 200 to
86 ppm.
To illustrate below pinch quality modification, let the concen-
ration of demand D2 be increased from 50 to 60 ppm. Since the
inch quality for this problem is 150 ppm, modification of the
2 quality is actually a below pinch modification. According to
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ig. 11. Source composite curve and wastewater line for the modified water m
odification, (c) above pinch flow modification and (d) below pinch flow modi

q. (19), below pinch quality modification lead to a reduction
f 6.67 t/h in waste generation as well a reduction of resource
equirement. The same may be confirmed by applying the mini-
um waste targeting algorithm. The source composite curve and
astewater line for the modified example are shown in Fig. 11b.
lope of the minimum wastewater line for the modified example

s more than that of the original example. It may be noted that
he outlet concentration of the wastewater increases from 200 to
07.7 ppm.

.2. Flow modification

Similar to the quality modification, demand flow may be
ncreased or source flow may be decreased to reduce waste
eneration. Mathematically, this may be formulated as reduc-
ion of flow (F′′) at some quality (qc). Eq. (16) may be

odified to calculate waste generation flow for flow modifi-
ation.⎧⎪⎪⎪⎪⎪

k∑
Fl +

n−1∑
Fl

(
ql − qn

)
− F ′′, qc
′′
k =

⎨
⎪⎪⎪⎪⎪⎩

l=1 l=k+1
qk − qn

k∑
l=1

Fl +
n−1∑

l=k+1

Fl

(
ql − qn

qk − qn

)
− F ′′

(
qc − qn

qk − qn

)
, qk > q
ement example: (a) above pinch quality modification, (b) below pinch quality
n.

q. (20) suggests that flow modification at or above the pinch has
aximum possible effect in reducing waste generation. How-

ver, flow modification below the pinch also reduces waste
eneration but not to the extent as the other case. It may be
oted that by reducing flow of an internal demand or an inter-
al source, overall flow gain/loss in the system (Δ) also reduces
y the same amount. Therefore, for above pinch flow modifi-
ation, waste generation is reduced while resource requirement
emains same. On the other hand, for below pinch flow modi-
cation, waste generation is reduced slightly and the resource
equirement increases.

For illustration, let us again consider the example of water
anagement. Let the flow of demand D4 be increased from 70

o 75 t/h. According to Eq. (20), above pinch flow modification
eads to a reduction of 5 t/h of waste generation and the resource
equirement remains 70 t/h. The source composite curve and
astewater line for the modified example are shown in Fig. 11c.
he wastewater line for the modified example is parallel to that
c

(20)
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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 0.09 kg/s (=0.15 × (500 − 200)/500).

Table 8
Process data for tire-to-fuel example

Quality (phenol
concentration in ppm)

Flow (water flow rate
in kg/s)

Sources
Decanter 500 0.27
Seal pot in 200 0.15
Resource (freshwater) 0 –
Fig. 12. Simplified block

f the original example. On the other hand, flow of source S2
ay be reduced from 100 to 90 t/h to study the effect of below

inch flow modification. According to Eq. (20), below pinch
ow modification leads to a reduction of 6.7 t/h of waste gen-
ration and the resource requirement increases to 73.3 t/h. The
ource composite curve and wastewater line for the modified
xample are shown in Fig. 11d.

Appropriate process modifications (quality modification or
ow modification or both) may reduce the waste generation sig-
ificantly. Preceding discussions may help a process designer
o address scope of sequence of process modifications qualita-
ively. To determine the exact quantitative waste reduction, the

inimum waste targeting algorithm should be repeated. Since
inch point may be changed, Eq. (19) or (20) may not give exact
olution if they are applied only at the pinch point. The concept
f process modifications are discussed with an example.

. Tire-to-fuel plant

To demonstrate the scope of process modifications for waste
eduction, an example of tire-to-fuel plant is considered [36].

simplified block diagram of the process is shown in Fig. 12.
iscarded tires are shredded using high pressure water jets and

hredded tires are fed to a high temperature pyrolysis reactor to
reakdown hydrocarbon of the tires into oils and gaseous fuels.
yrolysis reactor offgas is cooled in a condenser and wastewater

s decanted form the decanter. Organic layer from the decanter is
ixed with the liquid product of the reactor. Oils are further sep-

rated and processed to produce transportation fuels. A gaseous
aste leaves the finishing unit and is flared. A seal pot with some

reshwater stream is provided to prevent back propagation of fire
rom flare. In this example, there are two internal water demands,
amely, makeup water for water jets and water required in the
eal pot. There are three internal wastewater sources: wastewa-

er form the seal pot, wastewater from the decanter and the wet
ake produced in the filtration system. Phenol is the primary
ontaminant for this example. Wastewater associated with the
et cake, is treated in the waste disposal unit and it is not allowed

D

am of a tire-to-fuel plant.

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

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

.1. Below pinch quality modification

Flare gas form the finishing unit may be utilized as a mass
eparating agent to strip off phenol from the water provided to the
eal pot. The seal pot may be modified to a stripping column to
urify wastewater, while wastewater stream continues to act as a
uffer to prevent back propagation of fire. Due to available flow
ate of the flare gas and required driving force for adequate mass
ransfer operation, the inlet concentration of the inlet water to
emands
Water jet 50 0.25
Seal pot out 200 0.15
Waste (wastewater) – –
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ig. 13. Source composite curve and fuel line for the example of tire-to-fuel
lant.

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

.2. Flow modification

Forty percent of the makeup water flows with the wet cake
btained from the filtration unit. Remaining 60% of the water
s decanted in the decanter. Reactor produces some water dur-
ng pyrolysis process and the same water is also decanted in
he decanter. According to Eq. (20), wastewater with maximal
oncentration should be reduced first. Therefore, the decanted
ater flow rate can be reduced by reducing makeup water flow

ate (Fmakeup) and water generation during pyrolysis process.
he flow rate of the makeup water depends on the outlet pres-
ure (Pcomp) of the compressor by the following expression:
makeup = 0.47 exp(−0.009Pcomp) (21)

here Fmakeup is in kg/s and Pcomp is in atm. In order to achieve
roper shredding compressor outlet pressure must be within

a
q
r
p

Fig. 14. Modified block diagram of a tire-to-fuel p
ring Journal 125 (2006) 99–110 109

he range 70–95 atm. At present the compressor outlet pres-
ure is 70 atm and the makeup water requirement is 0.25 kg/s.
ncreasing the compressor outlet pressure to 95 atm, reduces
he makeup water requirement to 0.20 kg/s. This results in a
educed flow rate of wet cake to 0.08 kg/s and reduced decanted
ater flow rate to 0.24 kg/s. Modification of the compressor out-

et pressure reduces the demand by 0.05 kg/s and also reduces
he decanted wastewater by 0.03 kg/s. Therefore, using Eq.
20), reduction in wastewater flow rate can be estimated to be
.018 (=0.03 − (0.05 × 50)/200) kg/s. Since there is not pinch
ump, the total wastewater also reduces by the same amount, to
.19 kg/s.

.3. Above pinch flow modification

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

gen = 0.152 + (5.37 − 7.84 × 10−3Tpyro)

exp(27.4 − 0.04Tpyro) (22)

here Fgen is in kg/s and Tpyro is in K. in order to maintain the
cceptable product quality, the pyrolysis temperature has to be
n between 690 and 740 K. At present the pyrolysis tempera-
ure is 690 K and the reactor generates 0.12 kg/s of water. The
ame water is decanted in the decanter. Eq. (22) suggests that
he minimum water of 0.08 kg/s is generated in the pyrolysis
eactor when the reactor temperature is 710 K. A reduction of
.04 kg/s in water generation in the pyrolysis reactor reduces the
astewater generation to 0.15 kg/s.
Water requirement in the seal pot may be increased fur-

her. However, this affects the wastewater flow rate by the same

mount. Therefore, this modification is equivalent to changing
uality. As the pinch point is at 200 ppm, increase in water flow
ate through seal pot is equivalent to quality modification above
inch. Eq. (19) suggests that such modifications have no effect

lant with minimum wastewater production.
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n reducing wastewater flow rate. The final flow sheet of the
rocess is shown in Fig. 14 to produce minimum wastewater
f 0.15 kg/s. It may be noted that the waste production may
e further reduced by incorporating wastewater treatment and
ecycling. However, this is beyond the scope of this paper.

. Conclusions

Waste reduction and waste minimization have broader mean-
ng than source reduction [37]. Waste reduction generally incor-
orates both source reduction and on-site recycling. These are
he first two steps of the waste management hierarchy. The pro-
osed method reduces waste generation by incorporating appro-
riate on-site recycling and simultaneously reduces resource
equirement.

A unified targeting methodology has been presented for tar-
eting waste generation in process industries. The proposed
lgorithm solves a particular type of linear programming prob-
em through algebraic procedures. The proposed minimum
aste targeting algorithm has been applied to different waste

eduction problems such as waster management, hydrogen man-
gement and material reuse networks.

A methodology has also been presented to reduce waste
eneration through process modifications. Different possible
odifications and their effect on waste generation and resource

equirement have been identified. The methodology has been
emonstrated through an example.
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