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Optimization of the water using network (WUN) leads to optimum solutions only for
certain process parameters. Changing the parameters makes necessary changing of the
flow rate in the network connections. Due to specific structure and limits of the flow
rate, these changes often result in a non-optimum control of the network. Additionally,
changes of the WUN structure are expensive and require interrupting the water supply.
That is why, there is a need to anticipate all possible alterations of the process
parameters and design the WUN in such a way that the optimum flow control of the
processing water is possible. Principles and assumptions of such a design method were
presented in Poplewski and Jezowski (2009). In this paper the design method of the
optimum flexible WUN (FWUN) structure is presented.

1. Introduction

The typical data required to design WUN include mass loads of contaminants that have
to be transferred in each water using process. They are highly uncertain in nature.
Majority of designing approaches use fixed nominal values of these loads. Due to
uncertain character of the parameters the solutions may be far from optimum or even
they may be inoperable. Relatively few papers accounted for uncertain data. Suh and
Lee (2002) are the authors of seminal work on WUN with considerations of uncertain
data. They developed an approach for designing robust network. Koppol and
Bagajewicz (2003) presented an approach for assessment of financial risk caused by
uncertain data. To generate a flexible network they applied simultaneous method. Foo et
al. (2006) analysed influence of uncertain data on WUN design. Riyanto and Chang
(2010) developed a novel heuristic strategy to improve the operation resiliency of any
existing water network by relaxing the active constraints identified in the optimal
solution of flexibility index model. In this contribution we will describe a systematic
approach for designing a structure of flexible WUN (FWUN).

2. Problem description

The method of optimum synthesis FWUN presented in this paper applies to the
networks that include processes of a ,,mass load” type. Process inputs are:
. Lp‘”"""” , L™ — minimum and maximum mass load of contaminants s for
p processes. In case lack of anticipated changes of this parameter for a given
process p and contaminant s a value of L,’ is given.
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o MM CSOM MY _ maximum magnitude of contaminant concentration s in

the processing water on the inlet and outlet of the process p.
The goal is to find such a FWUN for which:

o the minimum usage of fresh water is maintained for all combinations of L,
lying between extreme values, that means for any possible process disturbance,

e the minimum number of connections is obtained — simple structure is certainly
much easier to control, additionally, it is less demanding for the investment
cost of the network building.

3. A method for problem solution

A solution method is based on a theorem of the corner solutions. According to it a
network that is optimum for all practically possible combinations of extreme values of
selected parameters (corner points) is also optimum for any value of these parameters if
they are selected from an assumed range.

Simplified algorithm of a FWUN design method is as follows:

a. define all possible combinations of maximum disturbances — corner points,

b. for each corner point / determine possibly large number of solutions with a
minimum usage of fresh water and possibly small number of connections in
the network,

c. for each corner point select one solution in such a way that the number of types
of connections in the FWUN is minimum,

d. based on flow rate in selected subnetworks determine maximum mass rate of
flow for each connections within target network,

e. verify that obtained network is correct,

f. define method of control the network —flow rate in particular connections for
all possible values of process disturbances.

In order to build FWUN one must know & optimum solutions for all possible L corner
points (item 'b' of algorithm). These solutions must be optimum for a minimum usage of
a fresh water. They should be also optimum or reasonably close to optimum for a
minimum number of connections in the network. However, they are different within
structure of connections and/or flow rate in particular network connections. A method
of finding these solutions using ARS algorithm was presented in Jezowski et al. (2007).
In this paper only step .,c” of the algorithm is presented. In the method it was assumed
that FWUN structure must have all connections that are present in at least one optimum
network for each of the corner point. Additionally, it must have a minimum number of
connections within the network. That is why this is an IP type of optimization problem.
The number of combinations of all & structures within L corner points is huge even for a
fairly simple problem. Therefore it is not possible to solve it manually. In order to solve
this step of the FWUN design the program GAMS was used.

4.0ptimization model

In the presented method the goal function (1) minimizes the total number of connections
FWUN.
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where:

Y My, S YN - binary variables that define presence of particular connection in
the FWUN; FW -fresh water, p,p’ - water using processes, FT - final treatment system.
Some constraints are also necessary. The constraint (2) enforces selection of the only

one solutions that is part of FWUN structure for each corner point.

dy=1; leL )

ke K

where:

K — set of solutions with different structure in a given corner point

L — set of corner points

Inequality constraints (3)-(8) introduce relationships of the binary variables that define
FWUN structure with the substructures of the network for particular corner points.

;;{(Y"" Y4 )< const- YV ppe P 3)
IZkZ(Y“ YA )< const - Y'Y ; pe P @
S5
IZkZ(Y“ YHL)< const- YN pe P )
S5
;;{(Y"" ¥4 )2 1+ (const- (v ~1)); ppie P ©6)
;;{(Y"" Y )2 1+ (const- (V0¥ ~1)); pe P %
23 )2t const- (75 1)) pep ®)
&
where:

k1l kI k1 . . .
Yey s Yy s ¥, - values determined connections presence in the k network of / corner

point,
Y*' - binary variable defining structure that will be a part of FWUN,

const — constant of magnitude higher than £.

For the illustrative example presented in the paper the number of inequality constraints
(3)+(8) was 808.

In the Table 1 it is presented an analysis of the influence of the presence of connection
in the & structures on the magnitude of Y. The value of left side of the inequality
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(LSI) that equals zero means that in none selected solution for all Lcorner points a given
connection does not exists.

Table 1: The effect of value of left side of inequality on magnitude of variable Y~

LSI=0 LSI=1

FWUN FWUN FWUN
Value Yz, 0 Y, 70 Y, oy Oor | 1

that meets inequalities (3)+(5)

FWUN FWUN FWUN
Value Yy, LY, 000 Y, pr

0 Oorl
that meets inequalities (6)+(8)

FWUN FWUN FWUN
Value Yz, 0 Y, 70 Y, oy 0 1

that meets inequalities (3)+(8)

5. Illustrative example

In the example the disturbanted parameter was the mass load of contaminants A and B
in process P2 and contaminant C in process P3. All data were presented in Table 2.

Table 2: Data for illustrative example

p E Lsp C]s)‘m,max C;,out,max
[kg/h] [ppm] [ppm]
A 0.675 90 120
1 B 18 50 450
C 1.575 75 130
A 6.1+6.7 20 60
2 B 41.8+43.9 300 450
C 4.59 90 230
A 5.6 120 220
3 B 1.4 200 270
C 52+62.4 200 950

Due to fact that values were varied for 3 contaminants the number of all possible
extreme combinations of the parameter (corner points) equals 8. They are presented in
Table 3.

For presented example 10 different structures were obtained with use of method
described in Jezowski et al. (2007). Due to limitations of the paper all obtained
structures are presented together in Table 4. The number in the Table 4 means that a
given connection is present in structure with the same number.

Certain structures are referenced in different corner points. The summary combinations
of structures and corner points is presented in Table 5.

Structures highlighted with grey color (Table 5) were included to the optimum FWUN,
optimum due to number of connections. One possible optimum structure, from all
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obtained in the example, is presented in Table 6. Marking "x" means that a given
connection is present in the FWUN structure.

Table 3: Corner points

L, for all / corner points

p s
1 2 3 4 5 6 7 8
A 0.675 0.675 0.675 0.675 0.675 0.675 0.675 0.675
1 B 18 18 18 18 18 18 18 18
C 1.575 1.575 1.575 1.575 1.575 1.575 1.575 1.575
A 61 67 61 61 67 67 61 6.7
2 B 41.8 41.8 439 418 43.9 418 43.9 439
C 4.59 459 459 459 459 459 459 459
A 56 56 56 56 56 56 56 56
3 B 14 14 14 14 14 14 14 14
C 52 52 52 624 52 624 624 624

Table 4: Summary of network structures obtained in the example

inlets
pl p2 p3 FT
Fw 1+10 5,7,8,10 1,2,5,6,7,9,10
pl 1+10 3,4,6,8,10
outlets P2 9 110 110
p3 2,3,7 1,4,5,6,8,9,10 1+10

Table :. Presence of WUN structures for particular corner points (marking ,,x”" means
that a given structure is present)

Structure number
1 2 3 4 5 6 7 8 9 10

1 X

2

3 X X
Corner 4 X
points 5

6 X X

7 X X

8 X

Additionally to lack of self-recycle connections (excluded arbitrary), the optimum
FWUN structure does not have connections from processes 2 and 3 tol and also from
process 1 to the final treatment system. Structure of the network presented in Table 6
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was additionally verified for 50 randomly generated disturbances. Results confirm it is
valid and agrees with all assumptions taken for FWUN.

Table 6: Structure of optimum FWUN.

inlets
pl p2 p3 T
Fw X X X
outlets rl X X
p2 X X
p3 X X

6. Conclusions

In the paper the method of FWUN structure optimization based on theorem of corner
solutions was presented. It was showed that the method was efficient and fairly simple.
Obtained flexible networks of the process water met a condition of the minimum
requirement for the fresh water. It was verified for a set of 50 random disturbances to
the selected parameters of the processes. Additionally the number of FWUN
connections was low therefore a cost of building the network was minimized and the
system was easier to control. In order to obtain solution of the presented model the
GAMS program was used, however it can be solved with any solver that is dedicated to
optimization IP problem type.
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